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SECTION 1

INTRODUCTION

In the event of nuclear warfare, the raw water supplies available

to U. S. Army field units could become radiologically contaminated.

Water is essential to the health and hygiene of personnel;

radiologically contaminated water poses a physiological, and

pyschological, threat to personnel who are expected to perform

effectively in a radiologically contaminated environment. To address

the potential threat of contaminated water, the U. S. Army has

guidelines and standards for water quality, equipment and procedures

for the radiological monitoring of water, and equipment and procedures

for the purification of contaminated water.

This assessment of the nuclear warfare water contamination threat

is principally concerned with the equipment and procedures for the

monitoring and purification of radiologically contaminated water. The

assessment does not explicitly address water quality standards;

however, the standards are discussed in terms of the technical

performance criteria that they provide for the water monitoring and

purification equipment.

The objective of this water contamination threat assessment are:

(1) to characterize the contamination threat, (2) to identify field

methods for recognizing the contamination threat, and (3) to indicate

the effectiveness of possible threat countermeasures. The assessment

is focused on the water contamination threat associated with nuclear

warfare in Europe and is primarily concerned with the contamination of

rivers and streams by the fission products produced by a nuclear

weapon. With respect to the degree of detail of technical analysis,

the assessment is limited to a scoping level with the intent of

separating problems from non-problems.
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Section 2 of this report addresses the subject of water

contamination threat characterization. It discusses water sources,

contamination sources, and the water contamination processes; a model

used to determine the time-dependent concentration of fission product

radionuclides dissolved in water is presented. The subject of water

contamination threat recognition is addressed in Section 3. The

ability to measure radiological water contamination in order to

satisfy specified water quality requirements is discussed. Water

contamination threat countermeasures are discussed in Section 4 of

this report. The effectiveness of water purification equipment and

procedures are addressed. Section 5 of this report summarizes the

conclusions that were reached during this assessment. Materials cited

as reference within the report are identified in Section 6.

Supporting material is provided in two appendices: Appendix A is a

report on the water sources and characteristics within the geographic

area selected for study; Appendix B is a report that documents the

water contamination model developed for this assessment.
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SECTION 2

THREAT CHARACTERIZATION

2.1 Introduction

Threat characterization refers to a determination of the

magnitude and duration of the radiological water contamination that

results from a specific set of circumstances and is expressed in terms

of the time-dependent activity concentration of radionuclides in

water. For a given contamination source and water source, the

radiological water contamination is determined by considering the

dissolution, mixing, and transport processes that affect the

contaminant material. A simplified computer model has been developed

to characterize the water contamination of rivers and streams by the

fission products produced by a nuclear weapon.

2.2 Contamination Sources

Within the broad concept of nuclear warfare, three general types

of radiological contamination sources can be considered: nuclear

weapons, radiological warfare agents, and nuclear sabotage or

terrorist actions. Although all three sources were initially

considered, this assessment quickly focused on the nuclear weapon

contamination source as the most signific3nt and relevant to the

overall objective of the assessment.

A nuclear weapon employed in the surface burst mode, either

intentionally or accidently due to a firing system error or failure,

can produce radioactive fallout over a widespread area. The intensity

and extent of the fallout area is principally determined by the

fission yield of the weapon and the meteorological conditions that
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occur during the fallout deposition period.* An idealized fallout

pattern (see Figure 1), based on the parameters given in "The Effects

of Nuclear Weapons," provides a convenient way of portraying a fallout

area.(1)** Table 1 shows some of the characteristics of idealized

fallout patterns. Note that a 1O-KT nuclear weapon can contaminate an

area of approximately 9000 Km2 with a reference dose rate equal to, or

exceeding, 1 R/Hr at H+1 hour. Clearly, a nuclear weapon has the

potential for contaminating a large area that encompasses hundreds of

individual watersheds that could service U. S. Army water supply

points.***

Radiological warfare was discussed in the popular press in the

1950's and the 1960's. One concept involved using special materials

within a nuclear weapon to increase the amount of radioactive material

produced. Another concept involved the localized dispersal or

emplacement of gross fission products or selected radionuclides.

Although scientifically feasible, such concepts have considerable

engineering and logistical difficulties; in addition, the military

utility of these concepts is not clear, nor is it clear how the

concepts would fit within a nuclear warfare strategy that emphasizes

the offense. Furthermore, based on discussions with representatives of

the Defense Intelligence Agency, it was learned that no specific or

credible radiological warfare threat is currently projected. (2) There-

fore, no further consideration was given to the use of radiological

warfare agents as a possible water contamination source.

* In general, tactical or low-yield nuclear weapons generate their
yield by the fission process; strategic or high-yield nuclear
weapons use both the fission and the fusion processes. If part of
the weapon yield is obtained from the fusion process, the fallout
area will be affected since the fusion process does not produce
radioactive material to the extent that the fission process does.

** The number in the parentheses denotes a reference that is
identified in Section 6.

***Typically, watersheds in the European area considered in this
assessment had areas in the range of 10 Km to 50 Km
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Nuclear sabotage or terrorist action has been the subject of much

discussion for the past several years. Studies of postulated

accidents at nuclear facilities tend to focus on groundwater

contamination rather than surface water contamination; the resulting

level of water contamination and the time scale on which the

contamination occurs indicate that such events are long term

environmental problems rather than problems of concern in a nuclear

warfare environment. (3 )  Conceivably, material stolen from a nuclear

facility could be used to cause the contamination of a water supply

source, for example, a spent reactor fuel assembly, s~olen from a

power plant or during shipment, could be dumped into a water reservoir

or lake. The potential level of water contamination associated with

such an event could be rather high, on the order of 300,000 pCi/2

(gross fission products);* however, the extent of the water

contamination could be quite localized. Since nuclear weapons have

the potential for equally severe levels of water contamination over

wide scale areas,** there appeared to be no particular benefit to any

further study of hypothetical nuclear sabotage or terrorist actions.

2.3 Water Sources

In general, the variety of raw water sources includes springs and

wells, rivers and stream, lakes and ponds, and ocean bays and harbors.

However, within the context of nuclear warfare in Europe, the

imposition of strict radiological defense measures will limit the

selection of raw water sources to those sources that have sufficient

A spent fuel assembly contains roughly 600,000 Ci of gross fission
products after a cooling time of one year.(4) It is estimated that
0.1% of the fission products would be released into the water (see
Reference 5). A small reservoir or lake having an average de th of
10 ft. and a water surface area of 0.25 mi2 contains 2 X 10 of
water.

**In Section 2.5, a model is presented that correlates the level of

water contamination with the level of fallout contamination. For a
fallout level of 1 R/Hr at H+1 hour, the water contamination is
initially around 108 pCi/c and drops to about 105 pCi/, in about 10
days.
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capacity to support the operation of an engineer water supply point.

In addition, only those raw water sources that are locally available

to the field forces are of interest.

For this water contamination threat assessment, the focus was on

a preselected nuclear warfare scenario area in West Germany bounded by

Marburg, Giessen, and Frankfurt am Main on the west, and the Fulda

River Valley on the east (See Figure 2). Descriptive information on

the water source characteristics of this area are contained in

Appendix A.

Within the scenario area, the primary raw water sources are

rivers and streams. Based on a map study (scale 1:50000) of the area

and in accordance with U. S. Army Engineer School doctrine, thirty

water supply points were identified and the specific watershed area

for each water supply point was delineated. The area of the

watersheds ranged from 8 Km2 to 60 Km2, with an average value of 20

Km2 . For a typical watershed, the stream or river area was about 0.1%

of the total watershed area and the estimated average stream velocity

at the watershed exit was 0.6 m/s. In the absence of precipitation

runoff, the typical volumetric flow rate ranged from 38 z /s (36,000

gph) to 100 Q/s (95,000 gph), with the lower flow rate occurring in

July, August, and September and the higher flow rate occurring in

February, March and April.

Precipitation occurs frequently (on almost half the days) within

the scenario area with the largest amounts of rainfall typically

occurring in June, July, and August. When rainfall sufficient to

promote surface runoff occurs, the volume of water associated with the

precipitation runoff can be a factor of 2 to 5 times more than the

volume of water present on the watershed during dry conditions. This

volume of surface runoff water will flow off the watershed into the

stream or river over a period of four days.

12
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2.4 Water Contamination Processes

The radiological contamination of rivers and streams that would

occur due to the radioactive fallout from a nuclear weapon detonation

is the result of several different processes. Fallout material is

produced, transported by the winds, and then deposited on the

watershed area. The fallout material that is deposited on the water

surface will experience dissolution, mixing, and transport, along with

radioactive decay. The fallout material that is deposited on the land

surface will initially experience only radioactive decay, but

subsequent precipitation could dissolve the material and transport it

to the watershed stream or river where it mixes with the channel water

and is transported out of the watershed area.

The processes that must be considered to determine the

radiological water contamination thus include:

* fallout production, transport, and deposition,

* radioactive decay,

* dissolution of radionuclides in fallout material,

* transport of radionuclides by precipitation runoff, and

9 aquatic mixing and transport.

These water contamination processes, with the exception of the fallout

production, transport, and deposition process, have been incorporated

into a simplified computer model developed for this assessment. A

detailed description of the water contamination model is provided in

Appendix B.

The following material provides a discussion of the water

contamination processes identified above, with emphasis on the

approach used to incorporate the processes into the model. It should

be noted that this water contamination model addresses the water

concentration of soluble radioactive material; insoluble radioactive

material is not considered since such material can be easily removed

from the water by simple filtration methods.

14



2.4.1 Fallout Production, Transport, and Deposition

The process of fallout production, transport, and deposition

determines the initial surface contamination of the watershed.

Typically, the output of a fallout model specifies the unit-time

reference dose rate (e.g., 10 R/Hr at H+1 hour) within the

fallout field. For the purposes of the water contamination model, it

is necessary to know the specific radionuclide ground concentrations

(e.g., Ci/Km 2 at H+1 hour for Sr-90) that correlate with the unit-time

reference dose rate. Since the prime concern is with the radionuclide

composition of the fallout, rather than the specific dimensional

characteristics and orientation of the fallout pattern dose rate

contours, it is appropriate to use idealized fallout patterns, like

those discussed in Section 2.2 and Reference 1, to determine unit-time

reference dose rates and then employ a separate procedure to convert

the dose rates to radionuclide ground concentrations.*

A methodology to correlate radionuclide ground concentrations

with fallout radiation dose rates, recently developed by SAI for use

on DNA's Nuclear Test Personnel Review (NTPR) program is contained in

a computer code named FIIDOS. (7 ) The radionuclide inventory and

associated gamma radiation emission spectrum are determined for a

mixture of fallout material that includes fractionated fission

products, light elements which were made radioactive by neutron

capture or activation, and heavy elements or actinides which were part

of the nuclear weapon or resulted from neutron capture by weapon

*Initially, consideration was given to the use of the DELFIC fallout
code (Reference 6) to calculate radionuclide ground concentrations
directly. However, since DELFIC outputs mass chain depositions
rather than specific radionuclide depositions, the code would have
required modifications. In addition, the use of a sophisticated
fallout code like DELFIC could have obscured the important
relationship between radionuclide ground concentrations and fallout
dose rate contours by focusing too much attention on the mechanics of
the fallo.t process and the details of the fallout pattern.

15



material. By using gamma radiation exposure factors to determine the

above-ground dose rate that results from the calculated gamma

radiation emission spectrum in a planar source geometry, the

relationship between the dose rate and the surface-distributed

radionuclide inventory is established. It should be noted that to use

FIIDOS the user must provide fallout material characterization data to

treat the fractionation of fission products and weapon test data to

specify the inventory of activated light elements and actinides.

The fallout radiation dose rate-radionuclide ground concentration

correlation developed for this assessment is based on a source

consisting of unfractionated U-235 fission products. It is recognized

that because of fission product fractionation the composition of the

fission product material within a fallout field is not uniform and the

relative abundance of a radionuclide in a fallout field is not the

same as that observed in laboratory experiments or calculated by basic

fission product buildup and depletion computer codes. However, the

inclusion of fractionation effects would represent an added complexity

that is not necessary, or appropriate, for the purposes of this

assessment and could impact the results of the assessment in a

non-conservative manner by causing some important elements (e.g.,

iodine and strontium) to be partially depleted from the radionuclide

inventory. The source term used for the correlation does not include

activated light elements or actinides; although such radionuclides

generally account for less than 10% of the radioactivity in the

fallout material, there are some radionuclides (e.g., isotopes of

plutonium) that could possibly be of significance to radiological dose

estimates. However, the inclusion of such elements in the source term

would require gross assumptions about nuclear weapon design or access

to classified design and intelligence information.

Table 2 lists the radionuclide ground concentrations (Ci/Km 2 at

H+1 hour) for a mixture of unfractionated U-235 fission products that

is referenced to a fallout deposition contour that has an above-ground

external radiation exposure rate of 1 R/Hr at H+1 hour. For

completeness, the table includes all the radionuclides, with the

16



Table 2. Radionuclide ground concentrations

At t ivi tyv Act i v AL tl t V

Radio f, id ii tI' l' ) Rad ionNC- ide (Ci I P,' a(I i o n 1j I i1, (Ci,( -,r

H-3 2.:5 - 64 Rh-,6 2.4f)- (4 Nt1-9 2.13 - 04

Zn-7 6.0, - 0 Rb-O,6f 5.71 - N -o- 1 04 + 02

:1-74 I.S 6 - 10 Rb-C7 2.9Q6- I Mo 101 1.6 S O 3

Gai-77 3.01 - 04 Rb-,) 1. + 03 MQ -102 7 ?3 ,I

Gd- 73 7.03 - 01 Rb-29 1.7- 4 03 Me-103 2.59 -1

(,-7, 1.57 - 0L 96-r0 7.11 - 01 tlo-l04 5 2 - 7

G,- 75 . 0; Rb- 09;, 1.27 - 0M ?o- 105 7.-: - 16

Ge-733r- 2.0 - 01 Ro-11 C.63 - 14 Tc-99 7.35 - 09

G-75 2.14 - 0 Sr-2' , .6 - 4 Tc-99m 9.70- 00

G,-;7 3. Z - 09 S -7 -. 06 - 0 c-10 4.P + C3
G,-77 7.56 - 01 Sr-90 7.73 - 0? Tc-102 7.30 + (12

,,- 7 2.2 - 17 sr-9 I .t C t 3 TC:- I O -: 1.£5 - 03

G -- : -003 1 12
u 79 -1. "1 ,' r- 93 1 C."; 1 uL c- O1 ] l 0 0

A, .>- I , Sr- j4 1,6,) 1 O T -. 27 * 01

A,-7,, -7 4 Y-90 5 P - 03T - 1 .- -. 00
- - - 33 - 00

7 Y-91 2.05 01 Ru-105 2.66- 01

? , 01",2. 0, -j 1037 P ,
1 -Y- 4.06 02 Ru- IG7 3.7 - 01

-. 1 Q- 6.7 '3 02 Ru-lO O .7 - 0
4. F. 5 + 03 Ru-10 . -; 1s

(,,,: , . : C' '-1 ,6, 4 01, Rh -!O 3m 2. 12 - O

'., , ~ l ""Y- !6 2.r,6C - 03 Rhi-10,1 . 7 - 0

Z r 1 Rh-I

' -1 kh-l ,

1v-: 7.l (1 r n .a3 0. h 3 ,- . , 1

r - . . . 1 ,. -, -l , .3 - 1I v :, A. * R.h ?1 4. '- - V;: ''.

Br
-  , -O,b 2.' l-10 ; I

Br - " N- ), 2, R-lll 2.43 4

P V-, I"1 - 1S Nb-97, 3.2"1 + I1' Pd-107 6.53 09

B r-7 6.6h - 1 Nb-98m 3.73 + 03 Pd-109 1.13 + 01
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Table 2. Radionuclide ground concentrations (cont'd)

RadionucAide tCti viRty Activity Activity

C v e ! - ) R a d i o n - r I i d e , (C i ,/Kr ) A cRt iio n utlye (, ji
Pd-IOQ11 3.01 - 1 In-120m 7.2 -I T- 25m 3.19 07
Pd-Ill 2.36 + 1 -12h' 5.57- T -12? 1 .09 - 01Pd-? , 8.26 - i, In-23" 3.73- T2 TE-I 7 1 9.> - 05Pd-Il 1 2 . 1 - 0! Sr-U 9.? - l. Te-129 9.C7 + 01I'd-113 1.5? -

1Sn- 
I, 1.56 - CO Tv-i> 7., - (132Pd-l1 3.0 - (1 5-12 , 17 - (8- Tv-13) 2.61 4 03A,1 - i: 1.13 * C1 -. , :.1 4  - 2 Te-I131r 1.31 + 01

A,--l 2.0? - sn: I + 01 Te-132 7.11 + 01Al- .o - 1 - . J - ' TL-133 1.1. * C3A' 11l , 45 " 5 Sr, 5.f4 - Te-I33r, 1.24 5 3Aq- 1.?l 4 - 01 S') 1. Q ". - 0; Te-134 4.c,5 03A -1 6.1 - Sn 1 ,',.,7 + 1-I?8 8.42 -
4 +3

, 1 Sn-?.I>Z 7 . 0 1-1 9 2.7? - IC. 3. 1 , Sn- 1 3. (4 ,- 6. 5 - 03
/ 5 I. +' 'I Sn 1 .3 + 

iiz -I33i 9 -"A I'F 9. n o4 _1.1 9.54 C0A 1 .5' - ,n-130 3. 43 -32 3.03 . 01Cd-11 .n- 5 , 1-13 3 
10 

: 02

3, 3, .. .. ','";- .5£, C10U3-I . -1~ 
7 4.3 

CS

Cd-, - 1 - 3 3 - 6 
7-in 

1.2 - lUd- I l ,, 4 .3, (1 : ' V' 2, 1 - Co 1- 1 35 9 . 6 " 73:

Cd-Ii . - 5 -?> 1.1' - 1-136 1.4I 
3 

-
1 -

Cd- 7 , 3 ( - SI 1 1 1 - ? 1-1 36" 2. 3I" 1; 1 Cl.- 
- iC n-1 4 1 .,4 - 36

C i . Sb-I6 
C , 6.02 - C-C - : - ' 1 " 2. , - Cl - 2 - 0

I ' ,, - 7 1 6 - C s - :' " , 4 0I - l,:~Ir '1 !: 11S3-12 5 .71 - 3.2
,  

Cs-!-h 6,, - t
" ' : ; ! !S -1 2 . .: , ; .3 3? C" s -13'. i ' - 0

I '"-' -?-3 2.45.5 J U- .

-< S-IS' 1.16 Cl 31',-V..,, 31 ' '3It ' . ,- ; 51, 1.' , 1.0£) Oi 32' C-13: 5.9" *' I"

In . .64 - y 5-131 1., 1 L -I4 0- 16
in- ? i 2 . Q * Cl 5h -1 3 1 .9 7 - n 4 Ca -13: ". 6 .E 1 06
in-Il 9.40 - 1Sb -1 3'- 0. - I 36rl Q. 72 03In-Ill" 1.66 * Il Sb-I.3 2.07 - 0 Ba-13, 2. 6p, 02In-12 1.62 17 Te-1 5.06 - 11 Ba-139 3.71 C 03
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Table 2. Radionuclide ground concentrations (cont'd)

Activity Activity Activity
Radionucl i de (Ci/Kni') Radionuclide _Ci/K_) Radionuc1ide Ci/K _

Ba-140 2.36 + 01 Pm-149 5.20 - 04 Tb-162m 6.18 - 04

Ba-141 2.50 + 03 Pm-150 7.95 - 02 Tb-163 1.36 - 03

Ba-142 7.53 + 0? Po-151 5.83 - 02 Tb-164 8.93 - 08

La-138 2.47 - 17 Pm-152 2.43 - 03 Dy-165 5.76 - 05

La-140 6.32 - 01 Pm-152m 1.3? - 01 Dy-165-m 3.61 - 17

La-141 1.49 + 03 Pli-153 1.19 - 01 Dy-1
66  

1.15 - 05

La-142 3.01 + 03 Pm-154 9.84 - 05 Hio-166 1.40 - 07

La-143 1.54 + 03 PmI-154m 3.99 - 08 Ho-166m 3.66 - 13

La-144 6.02 - 22 Pmo-157 5.39 - 14

Ce-],'l 9.33 - 01 Sm-151 3.26 - 09

Ce-142 2.05 - 12 Si-153 9.61 - 03

Ce-143 1.95 + 02 Sm-155 2.33 - 00

Ce-144 9.42 - 01 Sm-156 7.02 - 01

Ce-145 3.29 - 01 Sm-57 3.61 - 01

Ce-146 7.98 + 02 Sm-15
,  

3.61 - 00

Ce-147 5.13 - 11 Sm-159 1.17 - 05

Ce-148 9.82 - 21 Sm-160 9.65 - 03

Pr-14 2.08 - 06 Eu-152 2.96 - 11

Pr-142r' 5.04 - 06 Eu-1521f 3.36 - 07

Pr-143 2.98 - 01 Eu-154 2.87 - 08

Pr-144 9.33 - 01 Eu-155 7.18 - 07

Pr-144r 1.20 - 02 Eu-156 2.59 - 04

Pr-145 6.36 + 02 Eu-157 2.03 - 02

Pr-146 2.66 + 03 Eu-158 3.78 - 01

Pr-147 5.01 + 02 Eu-159 2.73 - 01

Pr-14V 8.61 - 05 Eu-160 1.39 - 20

Pr-149 4.80- 04 Eu-162 2.18- 04

Nd-147 1.05 + 01 Gd-153 1.63 - 12

Nd-149 5.22 + 02 Gd-159 2.16 - 03

Nd-151 8.98 + 01 Gd-161 1.67 - 05

Nd-15? 4.99 + 01 Gd-16? 1.24 - 02

Nd-153 1.08 - 12 Gd-163 3.71 - 12

Nd-154 4.29 - 01 Gd-164 8.72 - 03

Nd-156 1.14 - 16 Gd-165 3.73- 12

Pm-147 9.84 - 08 Tb-160 1.07 - 08

Pm-148 5.31 - 06 Tb-161 4.59- 06

Pm-148m 6.97 - 07 Tb-162 5.76 - 05
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exception of the isotopes of the noble gas krypton and xenon, that are

present after a decay time of one hour.

It is not necessary to consider all the radionuclides listed in

Table 2 to adequately characterize radiological water contamination.

The most significant radionuclides have been identified by a screening

process that considered the relative contribution of each radionuclide

to potential ingestion doses.* Based on unfractionated, U-235

time-dependent fission product inventories obtained from FIIDOS and a

50-year, ingestion dose conversion factors obtained from

ORNL/NUREG/TM-190, (8 ) the percent of the total dose commitment to

specific body organs has been calculated for each radionuclide. The

results of such calculations are shown in Table 3 where those

radionuclides that contribute more than 1 to the organ doses are

identified. Clearly, a host of radionuclides could be significant to

the ingestion dose from contaminated water and the relative importance

of specific radionuclides is both time and organ dependent.

For the radionuclide screening process described above, the focus

was on the internal dose associated with the ingestion of

radiologically contaminated water. Similar calculations, using dose

rate conversion factors for external exposure, (9 ) have been used to

determine the significance of radionuclides to the external dose rate

associated with immersion in radiologically contaminated water. The

external exposure pathway is not of concern to this assessment;

however, the external dose rate does provide an indication of the

radiation dose rate that might be measured by radiation instruments.

Table 4 shows the results of the external exposure calculations for

both beta and gamma radiation.

*It is recognized that fission product fractionation during fallout
formation and the effects of solubility during the contamination
process will affect the radionuclide composition of the fission
product debris in water. It is also noted that the use of 50-year,
dose conversion factors might not be appropriate for addressing
wartime doses. Nevertheless, this approach is still adequate as a
screening process for the identification of important radionuclides.

20)



Table 3. Percent of organ dose coniaitment for specific radionuclides*.

1 21 9 4. 1 1

.' , 1 1 to .1

* 21

1 1. ' 1

. " ,1 1

. , - -

, - 1* 1 1 1 1 1
- 1 ,; , 1 , ' : 1i

*- 1 1 1

i : 1 1

Organ-dosecommTit--ents were calculated for a mixture of unfractionated
U-235 fission products based on 50-year ingestion dose conversion factors.
Calculations were performed for specific decay times: H-hours, D-days,
M-munths, Y-years. Totals might not give 100 due to rounding.
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Table 3. Percent of organ dose commitment for specific radionuclides (cont).

('r ;,w - er Ltr-e ;ntostinle- ,ll

- 1 1 2 3 4 5 11 II 2

C, . 3 2,. 2 1

1 2-. I 2 3 5 6 6; 16 20 6

.' - 51 1 1 1 2 4 6 2

'3 7 4 .15 ,6 .89 25: 12,
1-6 6 2

- - 1 1 1 1 1 ] 1
; .-h 3 1 i 1 1 2" 1

3 1 1

1- ? 5

-£-1,7 1 1 I 1 2 2 1

Te - ,':

T, 131

T1 1 1 1 1 1

4 4 5 2 10 /,

1-32

i-33

4 6

I 1 1512

. * '; 4 5 6 } ;1 83- 21 25 19

L,-i;,1 " 5 '., 12 12 15

6 :-';1 1 1 2 3 3 4 6'
Ce- 43 15 17 Iq 21 21 1', 13

,, 1 1 1 2 2 4 9 47 74

Pr1 2 4 7 10 1 3 12, 1,7 1 2 3 4 4 5 3
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Table 3. Percent of organ dose cormmitment for specific radinnuclides (cont).
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Table 3. Percent of organ dose commitment for specific radionuclides (cont).

1 1 1

1 1 

13

1 1 ; 1 1

r - :1 1 1

4 21 l?

1 1 1 
1: 1":- 13

1) 7 1

41

4 ZZ1 i 1

; -i ,1 1 1 1 1 1

Si 2 2 3 6

S1 1 1 .- 2

1 2;4 1. 1

1 : 1 1 31

, .: - 6 7 / C 4 1

II II;

',I, ,I 1 1 2 !
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2.4.2 Radioactive Decay

The process of radioactive decay is important to considering the

time dependency of the radiological water contamination. Since

radionuclides are typically part of a chain of isotopes connected by

the process of radioactive decay, the decay of one radionuclide is

frequently the source of another radionuclide.

In the water contamination computer model used for this

assessment, radionuclides were treated as parent or daughter members

of a two-member, radionuclide chain. Since some radionuclide decay

chains contain more than two members, this approach sacrifices

accuracy for modeling efficiency and simplicity. However, frequently

only two members of the chain are radionuclides that are actually

important to water contamination.

2.4.3 Dissolution of Radionuclides

The dissolution of radionuclides in fallout from the solid phase

to the liquid phase is probably the most important water contamination

process. The degree to which the radionuclides in fallout material

are soluble or insoluble in water, and the rate at which the

radionuclides dissolve are basic to the modeling of radiological water

contamination. Unfortunately, the available information on the

solubility and dissolution rates of radionuclides in fallout is quite

limited.

Most of the statements found in the literature regarding fallout

solubility refer to fallout as basically insoluble. The statements

are typically based on measurements of fallout solubility in terms of

the gross beta radiation activity before and after water washing of

fallout particles collected during nuclear weapons tests. Generally,

11 to 31 of the gross beta activity is removed from the fallout

material by such washings.(
10 ,11 2 )
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There are very few references in the literature regarding the

specific radionuclides in fallout that are soluble. A group of six

radionuclides (i.e., Sr-89, Sr-90, Ru-106, 1-131, Cs-137, and Ba-140)

have been labeled as sol ubl e in some water contamination

studies. (13,14) However, no substantial discussion of the solubility

of specific radionuclides in fallout has seen found. Similarly, there

are few references in the literature regarding the dissolution rates

of radionuclides in fallout. Solubility rates for actual fallout

particles are discussed by Larson (10 ) and some experiments with

artificial fallout particles have been performed. (15 )  However, no

substantial models, theories, or results have been found.

In the absence of the necessary fallout solubility data, the use

of radionuclide-specific distribution coefficients provides a

convenient and reasonable approach for fallout solubility modeling.

The concept of the distribution coefficient, Kd, was originally

developed from ion-exchange theory to represent the equilibrium

distribution of a trace constituent between the solid exchanger and

the solution. Currently, the distribution coefficient concept is

being used to quantify the chemical interaction of radionuclides with

soils and minerals for the assessment of the contamination of water

bodies by releases from nuclear power plants and for the analysis of

the impacts of potential releases of radioactive material from nuclear
(16,17)

waste repository facilities.

A distribution coefficient is defined as:

Kd = amount of radionuclide sorbed on solid phase
amount of radionuclide left in solution

Since the solid phase activity is usually expressed in units of Ci/g

and the liquid phase activity in units of Ci/m , Kd typically has

units of m /g. For a specific element, the value of Kd is dependent

upon the chemical state of the element, the type of solid matrix in

which it exists, the physical characteristics of the solid and liquid

phases, and the nature of the dissolution process; however, the actual
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relationship of the value of Kd to these parameters is generally not

known. Values of Kd are normally determined by laboratory or field

experiments and can exhibit a wide range; for example, the Kd value

for Zr ranges from 1000 to 10000 m 2 /g and the value for Sr ranges

from 8 to 4000 m '/g.

Table 5 shows selected values of distribution coefficients for

those elements whose radioisotopes are considered in the water

contamination model. As cautioned in Reference 16, it is a gross

generalization to prescribe single-valued, non-specific distribution

coefficients; although it is recognized that such parameters are

needed by computer modelers for preliminary or scoping studies.

Reference 16 suggests that median Kd values, like those shown in Table

5, should be considered to vary by a factor of 10 for those values

greater than 100 m z/g.

The distribution coefficient refers to the phase distribution of

a radionuclide at equilibrium. For the fallout material deposited on

the water surface, it is assumed that equilibrium is reached within a

time period corresponding to the time constant of the mixing tank

model of the watershed (see Section 2.4.5). For the fallout material

deposited on the land surface, it is assumed that equilibrium is

reached instantaneously and maintained for the four days that the

runoff water remains on the watershed. These assumptions about the

time to achieve equilibrium are, in effect, assumptions about the rate

at which the radionuclides in the fallout dissolve. As pointed out

above, there is no strong basis for supporting such assumptions;

nevertheless, such assumptions are necessary in order to model the

water contamination processes.

2.4.4 Transport of Radionuclides by Precipitation Runoff

The importance of precipitation runoff with respect to water

contamination was not generally recognized until the late 1960's.

Prior to that time, the focus had been on the pollution caused by
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Table 5. Selected distribution coefficients*

Kd

Elemen t (m;/-)

Ba 500

Ce 10,000

Cs 1 ,000

I 10

La 500

NO 25

Nb 10,000

,1d 10,000

Pm 10,000

Pr 10,000

Rh 5,000

Ru 5,000

Sb 100

Sr 1,000

C 1

Te 190

Y I , 000

Zr 1,000

* amount-of radionucl-idesorbed on solidpha.e L/)
amount of radionuclide left in solution -C-i/,r

The above Kd values were taken from References 16 and 18 and represent
mean or best-estimate values. Kd values greater than 100 m./g should
be considered to vary (+) by a factor of 10.
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point sources as opposed to nonpoint sources Now, it is estimated

that nonpoint sources of pollution account for more than half of the

total water quality problems in the United States.(
19 )

Radiological water contamination by nonpoint sources has received

little, if any, attention in the current literature on the

environmental impacts of nuclear facilities, since such facilities

correspond to point pollution sources. The principal source of

radiological nonpoint pollution has been the atmospheric testing of

nuclear weapons; however, with the cessation of such testing by the

major nations, the subject has received little attention.

Nevertheless, the environmental contamination of water supplies by

fallout has been noted as a source of background radiation (20 ) and a

possible concern in connection with the long-term impact of strategic

nuclear warfare.
(2 1 )

The transport of radionuclides from the land surface into the

local river or stream by precipitation runoff is an important water

contamination process in this assessment. As pointed out in Section

2.3, and discussed further in Appendix A, within the selected nuclear

warfare scenario area sufficient rainfall occurs with such frequency

that precipitation runoff is a common occurrence. Furthermore, for a

typical watershed area, the stream or river area is about 0.1 of the

total watershed area, indicating that the land surface of the

watershed area provides a large area source for potential water

contamination.

The volume of surface runoff water that results from a given rain

is determined by the area of the watershed, the amount of water

deposited by the rain, and the prior precipitation history of the

watershed. This volume of water flows off the land surface into the

local water channel is a non-linear fashion that continues for about

four days. The subject of precipitation runoff is discussed in

various civil engineering texts, the specific approach used for this

assessment is discussed in detail in Appendix A.
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While the potential precipitation runoff water remains on the

land surface, it effects a phase separation of the radionuclides

present in the deposited fallout material. The radionuclides that are

partitioned into the liquid phase are subsequently transported off the

watershed into the local river or stream by the runoff water flow,

assuming uniform mixing with the water. The radionuclides that are in

the solid phase are assumed to remain on the land surface and be

subjected to further dissolution by subsequent rains.

It should be noted that this approach omits two processes that

would actually affect the water contamination: (1) the transport of

radionuclides down into the soil depths by precipitation that

infiltrates the soil, and (2) the transport of radionuclides as

particulates, or solid phase material, off the watershed. The

omission of radionuclide leaching into the soil will cause the model

to overpredict the water contamination; however, this effect is

expected to be rather minor and only of concern at late times, e.g.,

several weeks after the initial fallout contamination. The omission of

particulate transport is not likely to be of much significance and is

acceptable as long as it is understood that the model is mainly

concerned with the radionuclides dissolved in the water.

2.4.5 Aquatic Mixing and Transport

A host of aquatic mixing and transport models are described in
the literature. (16,22)

the technical iterature. Most of these models are designed

for situations in which the water contaminant is introduced by a

continuous, point source. Sophisticated models that can address

various mixing and transport parameters and provide time-dependent

modeling are also available. In general, however, the available

models appeared to be too detailed and too complex to warrant

application to this assessment; in addition, it was not obvious that

modifications to such models to accomodate a nonpoint contamination

source would be warranted.
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For the purposes of this assessment, the stream or river within

the watershed is assumed to be a "mixing tank" with instantaneous and

uniform mixing of the radioactive contaminant with the water. The

concentration of the radioactive contaminant at the outlet of the

mixing tank (which corresponds to the location of the water supply

point) is then determined by the intitial concentration in the tank

and the number of volume changes per unit time (the flow rate divided

by the tank volume). The initial concentration of the radioactive

contaminant is obtained from fallout calculations that give the areal

density of deposited radionuclides. Information on the water volume

and flow rate for various watershed is obtained from the water supply

point study given in Appendix A.

2.5 Water Contamination Model

A simplified computer model has been developed to characterize

radiological water contamination.* The Watershed Water Contamination

Model (WSWCM) calculates the time-dependent activity concentration of

fission product radionuclides dissolved in water that could result

from the deposition of nuclear weapons' fallout on a watershed. WSWCM

considers both the prompt water contamination that would result from

the fallout material deposited directly in the water and the delayed

water contamination that would result from the fallout material

initially deposited on the land surface and subsequently transported

to the water by precipitation runoff. All activity is assumed

initially to be associated with solid particulate fallout. The

activity may leave the watershed only by radicactive decay or by being

dissolved in water which flow past the water supply point.

*A detailed de6cription of the model, WSWCM, is provided in Appendix B.
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The principal characteristics of WSWCM are: (1) the watershed is

modeled as a mixing tank, (2) radionuclide-specific distribution

coefficients are used to address fallout solubility, and (3) the model

treats radioactive decay including daughter in-growth. It is

important to note that WSWCM addresses radioactive material in

solution but does not incorporate any modeling of particulate or

sediment transport.

The input data/information used by WSWCM falls into three main

areas: (1) fission product radionuclide data, (2) information on

watershed and precipitation characteristics, and (3) data and

information on the solubility modeling. The data necessary to perform

water contamination calcu13tions for the selected scenario area is

included in WSWCM. The principal product of WSWCM are plots of the

activity concentration in water (pCi/ ) as a function of the time

since the fallout material was deposited (hr), for specified

parent-daughter radionuclide pairs.

WSWCM was applied to a situation in which the initial fallout

contamination of a specific watershed was 1 R/Hr at H+i hour and a

rain occurred on the 6th day after the fallout was deposited. The

results of the model are shown in the following figures. As can be

seen in the figures, three typical types of radionuclide behavior are

observed. Figure 3 shows an example of a radionuclide (1-135) that

decays so rapidly that it presents an initial, but not a delayed,

water contamination effect. Figure 4 shows an example of a

radionuclide parent-daughter pair (Sr-90, Y-90) that presents a rather

constant level of water contamination. Figure 5 shows an example of a

radionuclide parent-daughter pair (Te-131m, 1-131) that presents both

an initial and a delayed water contamination effect. Finally, Figure 6

shows the composite effect of all the radionuclides considered for the

specific problem. Clearly, both the initial and the delayed water

contamination processes are of possible significance. In addition,

radionuclides having long half-lives and low solubilities could cause

a rather persistent water contamination problem.
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Problem I.
Watershed No. I.
Fallout = 1 R/Hr at 11±1 hour.
Single rain at H+144 hour.
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Figure '1. Sr-90, Y-90 water contamination -problem 1.
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To better illustrate the above concerns, WSWCS was applied to

another watershed that was contaminated at the level of 1 R/Hr at H+1

hour but with 21 rains occurring over a period of about 40 days. The

results of this simulation are shown in Figures 7 through 10 for the

same radionuclides considered in the previous problem. The presence of

persistant water contamination, albeit at a level much below the

initial water contamination level, is clearly illustrated.

As seen in the figures, WSWCM provides a convenient tool for

analyzing water contamination problems. However, it should be

recognized that the model is really quite simple and contains several

rather basic assumptions about the behavior of fallout particle

radionuclides in water. WSWCM should be considered as a scoping

method that provides order-of-magnitude results.
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41



Falu I ira ~ dr

Not tim -l hor 0
h I

F. - Problem 2, .

4Watershed No. 8.{ -Fallout . 1 R/Hr at H+l hdur.
. ~ ~21 'rainslover 4 0 days. ii

INote tim1e scale - hour x 0

lIML L' " ]',, ] L .: " I = ,

ri,;ure % -,'!, Y-'J0 water conta:,Iination - problem 2.

42



oP T- E IN

'P R 
°  

15 1"!M5

Problem 2.

Watershed No. 8.

Fallout =1 R/Hr at H+I hour.
I C 21 rains-over 4O days.

Note time scale - hour x 10.

a

r4 -, . '. ..

Li I'

I I

0 3 , On n

IML S NL IN I I LLL , t

Figure 9. Te-131m, 1-131 water contamination - problem 2.

43



LLO

t ( I

Probem_,

Watershed No.; 8.
Fallout I 1 1/Hr at H+1 hour.
21, rain .s over' 40 4:d4ys.
Nbte tibie scale h four x 10.

O.r to. ~VI

Figure 10. Total (40 radionticlides) water contamination -problem 2.

44



SP TION 3

THRLAT RECOGNITION

3. 1 Introduction

Threat recognition refers to the detection and measurement of

radiological water contamination. Technical performance criteria for

radiation detection and measuring equipment are based on the

requirement to show conformance with specified water quality

standards. Field-portable radiation detection and monitoring equipment

currently available and under development does not appear to have the

capability to adequately monitor water contamination at low levels of

radioactivity. Procedures for radiation detection and measurement

could be used to indicate compliance with water quality requirements,

in lieu of deiiiorstrating compliance.

3.2 Iate- Quality Standards

csently, standards and requirements that relate to

radiologically contaminated water are contained in a !J. S. Arm:,y

technical bulletin and a NATO standardization agreement. As discussed

below, both of the documents are currently being revised and their

final for:is cannot yet be ascertained.

The riost specific water quality standards regarding water

contaminated with radioactive material are given in TB MED 229

MED 221 addresses both fixed installation and field water supplies;

for f'. id water supplies, radiological water contamination criteria

are given for short-term and long-term usage (see Figure 11). The

short-term criteria are not specific with regard to acceptable levels

of water contamination and no numerical criteria are given. The

long-terri criteria do provide specific numerical citeria (i.e., 1000

;Ci ,/ gross beta activity and 10 pCi/. strontium-90) by imposing the

criteria for fixed installations on the field water suppl ies.
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TB MED 229 Requirements

Radiological Contamination - Field Supplies

Short Term For short term consumption, no absolute
(less than 7 days) numerical standard is recommended or

considered necessary This is based on
the conclusion that if the external
radiation hazard permits occupancy
of the water point, the water is
suitable for consumption during
occupancy not exceeding the one-week
period

Long Term (Same as for fixed installations)
(more than 7 days) Gross Beta Activity 1000 pC/

Strontium 90 10 PC/,

Figure 11. TB MED 221) requirements
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TB MED 229 is currently being revised dnd this revisioning will

result in two new technical bulletins. TB MED 576 will address the

fixed installation portion of TB MED 229; TB MED 577 will address the

field instdllations portion ot TB MED 229. For fixed installations, TB
MEi) 576 will adopt new drinking water standards that impose stringent

1inits on the allowable radioactivity (i.e., 50 pCi/ gross beta

activity and 8 pCi/ strontium-90).

At present, it is not known what requirements will be imposed on

field installations by TB MED 577. Since the field installations

ur t on of TB MED 229 will remain in effect until TB 'IED 577 is

published, the new water contamination limiits for fixed installations,

to be given in TB MED 576, will not be automatically adopted fr the

field installations. It is possible that TB MED 577 will not specify

Jry nurierical criteria for radiological contaminated water.

Radiological water contamination is also addressed in the NATO
standardization agreei;ent SIANAG 2136 (E15D) - Minimum Standards -of

WaOur Potability. 1ig r 12 gives the present stdndard and proposed

N. i and !J> revNision,, to *tie standard. Soecific numerical criteria

fur radiologically contaminated water are not provided by the current

standard nor the pr,)osed revisions. It is important to note that the

absence of specific numerical criteria does not imply that the

cons Iiptior ut radiologically contaminated water is acceptable. r

the contrary, the phi 1 osophy behind the non-numerical cril ria

sti e nent, is that. dny radiation ex osure, beyond that attributable to
nornal background radiation, should be avoided, if at, all possible.

At present, the requirements of TB MED 229 are in effect and thus

provide technical performance criteria for radiation detection and

*easjring equipment. Specifically, such equipment must have the

caability to demonstrate that water intended for consumption does not

c'.riain more thar 1000 pCi!, of gross beta activity and more than 10

K. / of strontium-90.

47



STANAG 2136 (MED) - Requirements

*** Present Standard ***

d. Radiological Standards

For short term consumption (1 to 7 days) no absolute maximum
tolerance is recommended or considered necessary. This is
based on the consideration that if the risk of external
radiation is such as to allow the source to be used, then the
water will be suitable for drinking during occupancy not
exceeding one week

*** NATO Proposed Standard ***

d Radioloic cal Standards

It is undesirable to drink water contaminated with radioactive
substances. Consideration should be given as to whether a
source of water is likely to be contaminated In some circum-
stances, sources, such as underground water, may be safely
assumed to be uncontaminated Filtered water will be free of
insoluble particlates but may still contain soluble radioisotopes
such as iodine. If there is any doubt, monitoring of the water
should be attempted This can be achieved simply either by the
use of a dose rate monitor placed close to a large sample, e.y.,
bucketfull or preferably by drying down a sample and using a
contamination meter Any water sample showing a reading above
background should only be used if no better source is available
and the use is essential.

*** US Proposed Standard

d Radiological Standards

A standard in the normal sense of definite limits is not appropriate
in this case, however, the following procedures should be employed:

1. Areas Havinq Received Fallout - For short term consumption (1 to
7T dayTno absolute maximum tolerance is recommended or considered
necessary This is based on the consideration that if the risk
of external radiation is such as to allow the source to be used,
then the water will be suitable for drinking during occupancy not
exceeding one week.

2. Areas Not Havin2 Received Fallout - For short term consumption
F-I to7 days any water sample showing a reading above back-
ground, as measured with a dose rate meter or other suitable
method, should only be used if no better source is available
and the use is essential This is based on the consideration
that personnel should not be subjected to unnecessary radiation
exposure.

Fiqure 12. STANAG 2136 (MED) - requirements
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3.3 Radiation Monitoring Equipment

Field-portable radiation detection and measuring equipment for

monitoring radiological water contamination has been developed for

both military and civilian applications. As discussed below, neither

the military equipment nor the civilian equipment appears to be

capable of monitoring radiological water contamination at the levels

of 1000 pCi/, (gross beta activity) and 10 pCi/, (strontium-90).

The Radiac Set AN/PDR-27 is a low-range, beta-gamma instrument,

standard for all Services and used for personnel and equipment

monitoring. It has two Geiger-Mueller tubes -- a large tube for

low-range detection and a small tube for high-range detection. A beta

shield on the large G-M tube permits the measurement of beta activity

by using the difference between unshielded (B +Y) and shielded (

only) measurements. lhe AN/PDR-27 covers a range of 0 to 500 mR/hr in

four decade steps; beta measurements by the difference technique are

only possible on the two lowest ranges (0-0.5 mR/hr and 0-5 mR/hr).

The AN/PDR-27 can be used to give a qualitative indication of

beta-gamma water contamination by holding the large G-M tube, without

the beta shield, about one-half inch from the surface of the

water. (2 4 ) A reading above background indicates a concentration of an

unidentified beta-gamma emitter in excess of 106 pCi/-. (25)

Another water monitoring procedure with the AN/PDR-27 has been

described by D. C. Lindsten.(26) In this procedure, the large G-M

tube, without the beta shield, is encased in a rubber surgical glove

and immersed into the water. The minimum level of detection is

estimated to be 5 x 105 pCi/ v of mixed fission products (beta-gamma

emitters) based on correlation data developed using fallout material

from nuclear weapons testing.

A new beta-gamma survey meter, Radiac Set AN/VDR-1 is being

develoj)ed as a replacement for the AN/PDR-27. When used for surface

monitoring of contaminated water, the AN/VDR-1 is expected to be able
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to detect a beta emitting isotope at the level of 3.5 x 106 pCi/. At

present, the status of the AN/VDR-1 is uncertain, and further

development or production might be discontinued.(27)

Radiation detection and measuring equipment developed for

civilian applications is described in numerous textbook and other,

publications. (28-32) In order to supplement such references arid

determine the current state-of-the-art, a request-for-information was

sent to 43 firms identified as providing equipment or services related

to the detection and measurement of radiological water contamirjdtlon.

The idertification of the firms was based on their cited c. abilites

I isted in the Nuclear News 1981 Buyers Guide. (3 The

request-for-information letter expressed an interest in equipment that

could measijre beta radiation in a mixed beta-gamma contaminated water

sample. The range of interest was given as froi- 3 x 106 pCi/; down to

3 ;)Ci', and it was noted that the gamma radiation could be a factor

of 10 above, or below, the beta radiation. An interest in both gross

beta radiation rieisjrei;ients ano ,iecific radionuclide identification

was ex.ressed. It was noted tha' the princi a, int4rest was with

equ i pien * hat could be used for, rval -time monitoring 01 a process

stream; however, there was also interest in laboratory-tyoU equi pmenl

if such equi,0pent could be trons ')'table to the ) ield mand provide i.l

aralysis within a cou,,le uf hojr's.

Table 0 identifies the firms that were contacted and indicates

their responses. Ol the 43 firms contacted, 24 did not respond to the

request. Of the 19 responding firms, 9 indicated that they did not

have the capabilities for measuring the water contamination of

interest- 10 firms indicated that they did harve some capability and

provided relevant literature.

Based on an assessment of the supplier literature and the

references cited above, it appears that for process monitoring

applications the minimum level of detection is about 10 pCi/ gross
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Table 6. Responses to request-for-information

No Negative Positive
Firm Response Response Response

Anacon, Inc,/Aero Vac Products x
Applied Health Physics, Inc x
Applied Physical Technology, Inc x
Aptec Nuclear Inc x
The Aston Company x
Baird Corp x
Berthold-Beta Analytical, Inc x
Canberra Industries, Inc. x
Cedar Grove Operations x
Centronic Inc x
Don L Collins & Assoc. x
Dionex Corp. x
Dosimeter Corp of America x
Eberline Instrument Co. x
EG&G Ortec Inc. x
Electrometer Corp x
Evans Nuclear Consulting Services x
Foxboro Analytical x
Gamma-Metrics x
General Atomic Co x
The Harshaw Chemical Co. x
High Voltage Enqr. Corp x
IRT Corp x
Kaman Sciences Corp. x
National Nuclear Corp x
Nuclear Data Inc x
Nuclear Equipment Chem Corp x
Nuclear Instrument Co. x
Nuclear Measurement Corp. x
Nuclear Research Corp. x
Princeton Gamma-Tech , Inc x
Reuter-Stokes, Inc. x
J, L Shepard & Assoc x
Technical Assoc, x
Technology for Energy Corp. x
Teledyne Analytical Inst x
Tennelec, Inc x
Tera Corp. x
United States Testing Co , Inc. x
Victroneen Instrument, Inc. x
Westinghouse Electric Corp. x
Weston Components x
Xetex Inc X

(43) (24) (9) (10)
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beta activity and specific radionuclide detection is not possible.*

It is possible, however, to measure gross beta activity at a level

of I pCi/. and determine specific radionuclides, like strontium-90, at

levels of 1 to 10 pCi/ by using laboratory-type equipment and

procedures. However. the necessary equipment with its radiation

shielding and supporting utilities is not field-portable and the

procedures, which include chemical processing of the sample and

counting times of 24 to 48 hours, are too time consuming and

complicated to be used by troops in the field situation.

3.4 Radiation Monitoring Procedures

As discussed above, radiation detection and monitoring equipment

d,)es not have the capability to detect radiological water

contamination at the levels required to meet current standards (i.e.,

IUO0 pCi/ gross beta activity and 10 pCi/, strontium-90). D. C.

Linsten has suggested a procedure, termed "supply-side nuclear water

monitoring', that could be used to indicate ccmpliance with the water

quality standards. (26)

Lindsten's procedure is based on monitoring the radiologically

contaminated water as it passes through the stages of purification

rather than monitoring the finished product water. As discussed in

Section 4, the water purification stages include: coagulation and

filtration, reverse osmosis, and ion exchange. The coagulation and

filtration stage is expected to remove all of the insoluble fallout

material from the raw water, but not affect the soluble material. The

soluble material is expected to be removed with efficiencies of 99%

and 99.9% by the reverse osmosis and ion exchange stages, respectively.

*It should be noted that a variety of radiation detection and measuring

equ, 'ent (and data a,lalysis capability) is available for gammna
radiation monitoring. It might be possible to use this technology
for water monitoring to achieve lower minimum' levels of detection or
simplify the water monitoring problem.
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Based on the above stated removal efficiencies, water entering

the ion exchange stage with a gross beta activity of 106 pCi/Q will be

decontaminated to a level of 1000 pCi/. Similarly, water entering

the reverse osmosis stage with a gross beta activity of 100 x 106 pCi/:

will be decontaminated to a level of 106 pCi/c. These levels of

activity for the water prior to the purification stages are

sufficiently high to be measured with existing radiation detection and

measuring enuipment.

According to Lindsten, water that meets the criteria of 1000 pCi/,

gross beta activity will meet the critera of 10 pCi/, strontium-90 for

the first 200 days after the nuclear explosion. His argument is based

on the fact that for oross fission Droducts the strontium-90 activity

is less than 1 of the total fission product activity for decay times

less than 0.7 years. Actually, the comparison should be made between

the strontium-90 activity and the total activity of those soluble

radionuclioes present in the process stream between the purification

stages. ised on the water contamination model described in Section

2, is ap-ears that the strontium-90 activity is about 1 of the total

activity of the radionuclides in solution, thus indicating that the

strontium-90 criter would be met if the gross activity criteria were

met.*

Lindsten's "supply-side nuclear water monitoring" approach is

technically feasible. However, as noted by Lindsten, to implement the

procedure the decontamination capabilities of the water purification

processes must be precisely known. In particular, it appears that it

would be ne-essary to measure and validate the removal efficiencies of

*It should be pointed out that it is not really correct to compare
these activities in such a simple fashion. Actually, one should
compare the activities that would be measured by the radiation
monitoring equipment.
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each process on field equipment while actually deployed. This does

not mean that calibration activities would necesarily be required

duriny a wartime situation, but it does mean that the necessary

calibration procedures would have to be developed and applied

routinely to monitor the status of the water purification equipment to

assure its combat readiness.



SECTION 4

THREAT COUNTERMEASURES

4.1 Introduction

Threat countermedsures include water purification equipment and

;:methods, and field operations policy and procedures. The water

purification equipment of interest is the Reverse Osmosis Water

Purification Unit. The field operations policy and procedures include

such measures as water point selection, water treatment scheduling,

water storage, etc. As discussed below, this assessment has been

primarily concerned with the water purification equipment.

4.' Water Purification Equipment

To t;eet the requirements for a multi-purpose water purification

unit to i~rovde iotable water in the field, the U. S. Army is

developing the Reverse Osmosis Water Purification Unit (RWPU). The

RMW;"J is intended to purify raw water contavi nated with biological,

cht-ical, or radiological iateria Is. The ROWPU will be highly mobile

andl avail :ble in f', Gi!i '31lons per hour), 1500 GPH, and 3000 GPH

unlts.

The POWPU produces potahle product water frow radiologically

contariina!ed ruw waLtur by a series of three purification processes:

(I) coagla'ion and filtratior, (2) reverse osmosis, and (3) ion

exchange. The coa(;ulation and filtration process is ntended to

remiove all of the insoluble radioactive material from the raw water;

soluble radinact ive materi ul will pass through the coagulation and

filtration ; rocess unaffected. The reverse osmosis process is

expected to remove 90). of the soluble radioactive material; this

pro)cess will also back-up the coagulation and filtration process by

removing any soluble radioactive material that is present. The ion

exchange process is expected to remove 99.9% of the soluble
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radioactive material. Overall, the ROWPU is expected to remove any

insoluble radioactive material present in the raw water and to reduce

the concentration of soluble radioactive material in the raw water by
5a factor of 10

Based on a decontamination factor of 105 and a product water

criteria of 1000 pCi/2 gross beta activity, the ROWPU can effectively

handle raw water radiologically contaminated up to the level of 102

pCi/. with soluble radioactive material. Based on the water

contamination model discussed in Section 2, a watershed contaminated

by fallout at a level of 1 R/Hr at H+1 hour would yield water

contaminated at a level in excess of 108 pCi/ for about 8 to 10

hours. This peak level of contamination would diminish rapidly and, in

the absence of water contamination introduced by precipitation runoff,

would be less than 106 pCi/p within 3 to 4 days. Precipitation runoff

could also case the level of water contamination to increase to 106 to
7

10 pCi/. within this 3 to 4 day period; precipitation runoff could

also cause the level of water contamination to remain at 104 to 105

pCi/ for several weeks after the fallout had been deposited.

Assuming that the problem of the initial (peak) radiological

water contamination can be avoided by water storage or rationing, the

ROWPU could initially handle water from an area contaminated by

fallout at a level of 1 to 10 R/Hr at H+I hour. After about 4 days,

the ROWPU could handle water from areas contaminated by fallout at a

level of about 100 R/Hr at H+1 hour. For several weeks after the

fallout deposition, the ROWPU would still be needed to purify the raw

water to acceptable potable water criteria.

As was shown in Section 2, surface burst nuclear weapons can

produce fallout contamination of rather large areas. However, to

estimate the extent and the intensity of such fallout contamination in

the event of nuclear warfare requires major assumptions regarding the

nature of the nuclear strikes, the yields of the weapons, and the

prevailing meteorological conditions. Statements about the adequacy of

ROWPU to provide potable water in the nuclear warfare environment can
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only be made in the context of a specific nuclear warfare scenario.

Since this assessment does not address such scenarios, no specific

comments on the adequacy of ROWPU are offered.*

However, this assessment has identified two design-related areas

that merit special mention. First, the ROWPU should include within

its design those features and support equipment that provide a

capability for in-field testing of the removal efficiencies of the

purification processes; this capability will be of paramount

importance if concepts such as "supply-side nuclear water monitoring"

are adopted. Second, the ROWPU should have an availability

characteristic, achieved through low equipment failure rates and short

maintenance/repair times, adequate to ensure that the equipment can be

operated nearly continuously for several weeks.

4.3 Field Operations Policy and Procedures

Field operations policy and procedures could complement the water

purification equipment to provide countermeasures to the

potential radiological water contamination threat. The policy and

procedures inc'ude water point selection, water treatment scheduling,

water storage, etc.

The effectiveness of such countermeasures can only be examined in

the context of specific nuclear warfare scenarios and force

*Earlier in this assessment, a nuclear warfare scenario including force

deployments was developed. For this scenario, radiological ware con-
tamination was not a significant problem because: only a few surface
bursts occurred, the prevailing wind was blowing away from the area
where the U. S. forces were deployed, and the wind shear was so small
that the fallout pattern exhibited little width. However, during the
development and analysis of the scenario it became clear that a
single, unique, hypothetical scenario does not provide an adequate
basis for making judgments on the worth or utility of water purifica-
tion systems or related policy and procedures.
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deployments. Since this assessment does not address such scenarios,

no specific comments on the utility of field operations policy and

procedures are offered.

However, this assessment has identified two aspects of field

operations that merit special mention. First, sufficient product watur

storage capability should be available to satisfy requirements if the

water purification units have to curtail operations for about a day

because of an inability to handle the intial (peak) radiological water

contamination. Second, strict radiological defense veasures should be

F:aintained in effect until proper radiological water contamination

monitoring has deterriined that the problem no longer exists; such

procedures are important because the water could rem: ain radiologically

cnntaminated even after area radiation monitoring does not detect any

military significant fal -jt.
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SECTION 5

CONCLUSIONS

In the event of nuclear warfare with nuclear weapons employed in

a surface burst mode, the fallout contamination of watersheds and

water supplies would be sufficiently high to require the use of water

purification equipment to produce potable water that meets the current

water quality standards. This problem of radiologically contaminated

water could persist for many weeks.

The existing radiation detection and measuring equipment is not

capable of verifying that suspect water actu3lly meets the current

water quality standards; in fact, the minimum detectable level of

radioactivity in water with the existing equipment and procedures is

about a factor of 1000 above the current radiological water quality

standard. An indication of acceptable water quality can be obtained

by a procedure that involves measuring the activity of the water prior

to processing, provided the decontamination efficiency of the water

purification system is known.

The water purification equipment currently under development can

decontaminate, to the current radiological water quality standards,

water from a watershed contaminated by fallout at a level of 1 to 10

R/Hr at H+1 hour. After about 4 days, the equipment could effectively

decontaminate water from a watershed contaminated at a level of about

100 R/Hr at H+1 hour. The water purification equipment could be needed

for several weeks after the fallout deposition.
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SECTION A-1

INTRODUCTION

This appendix provides descriptive information on water sources

within the Western European area of concern. This area is bounded by

Marburg (Lahn), Giessen, and Frankfurt am Main on the west and the

Fulda River valley on the east. The information is used to identify

typical water point sites; characterize the watersheds, region, and

climate; and provide an approach to watershed modeling.

The assistance of the following individuals in obtaining

appropriate references, determining applicable factors, and

identifying potential resources is gratefully acknowledged:

Mr. William Abbe, Terrain Analysis Center,
Engineer Topographic Laboratories, Ft. Belvoir, VA

Captain Molzahn, Department of Military Engineering,
U. S. Army Engineer School, Ft. Belvoir, VA

Mr. Henry Zoller, Library, U. S. Geology Survey,
Reston, VA

Ms. Laurie Stackpole and Mrs. Rouse, Library, National
Oceanic and Atmospheric Administration, Rockville, MD

Mr. Richard Farnsworth and Dr. Michael Hudlow,
Hydrology Laboratory, National Oceanic and Atmospheric
Administration, Silver Springs, MD

Mr. Bruce White and Mr. Charles White, New England River
Forecast Center, U. S. Weather Service, Bloomfield, CT
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SECTION A-2

WATER SUPPLY POINTS

Water supply points are selected to support troops units on an

area basis. Thus, a water point would serve all water supply trucks

and trailers coming to it and not just support a specific unit. The

typical field water purification equipment is oriented for use of

surface water supplies. The Army organization includes well drilling

capability but this would not normally be used in an area such as

Germany. The Division is equipped with five 1500 gallon per hour

water point units. Additional 1500 gph units are operated by Corps

Combat Battalions, and 3000 gph units are operated by the Corps Water

Supply Company.

Water supply points are sited on the bases of:

* Adequate Source, minimum of 2000-3000 gph (to allow for

waste due to backflushing) (equivalent to approximately

2-1/2 liters per second) per 1500 gph unit. These values

would be doubled for the 3000 gph treatment unit.

0 Adequate Road Net, to permit all weather vehicle access to

the fill station in the immediate vicinity of the treatment

unit, and to allow for turn arounds and waiting vehicles.

0 Cover and Concealment, forested locations are desirable,

placement of points in towns or in the vicinity of logical

targets would be avoided (e.g., major intersections, bridge

sites, troop concentrations).

* Good Drainage and above typical flood levels.

0 Avoidance of Upstream Sources of Contamination, such as

industries, major towns, sewer outfalls, or stagnant water

(marshes, swamps, flooded fields).

The above doctrine was used to identify typical water supply

points in the area of concern. Three points were identified on each of

10 map sheets (4 points on one of these sheets), to permit
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characterization of typical points. Other points could have been

readily identified, due to the amount of runoff, number of streams and

excellent road nets in the area. Watersheds which would provide at

least 5 liters per second at the water point were chosen (approximate

minimum for 3000 gph unit). The low flow values of 1 to 2 liter per

second per square kilometer to be expected in the region indicated

that drainage areas of at least 5 square kilometers should be chosen.

The criteria of avoiding upstream sources of contamination, where

feasible, and the distribution of towns and villages indicated that

small drainage areas be chosen when available. The above criteria and

considerations of vehicle access and proximity to an extensive road

network were used in identifying the water supply points (WSP) listed

in Table A-I. The watershed areas were delineated on copies of the

identified map sheets.
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SECTION A-3

GENERAL HYDROLOGIC INFORMATION

The region consists of rolling terrain, forested or under

agriculture. There are generally sources of large quantities of

surface water in the lower part of the area of concern less than 8

kilometers apart; and in the upper part of the area, moderate

quantities of surface water from sources less than 16 kilometers

apart. There are generally uniform amounts of rainfall throughout the

year with somewhat more rainfall (by 30 to 50%) occurring in the

months of June, July, and August and the least amounts in February,

March, and April. Due to the differences in evaporation losses,

however, the largest runoff occurs during the months of November

through April (which constitute the "Winter Semester" for German

hydrologic studies). This as shown in Figure A-1 and Table A-2 for

the area of concern. Summary average precipitation data for selected

stations are shown in Table A-3.

Typical runoff from watershed averages from 5 to 15 liters per

second per square kilometer, with the lower values usually associated

with smaller watersheds. Table A-4 illustrates mean and absolute high

and low runoff rates and average rates for several watersheds of the

Fulda River basin, which overlaps the area of concern. Typically, the

flow is less than the mean flow 240 to 280 days per year, due to the

amount of runoff directly associated with storms. The flow does not

exceed 50 to 60 percent of the mean flow half of the days. Flow less

than 2 liters per second per square kilometer of watershed occur very

rarely, and for streams which have recorded such low flows the
(A-I)*

frequency is generally less than 2% of the time.

*TF- -- b-r-n- the parentheses denotes a reference that is identified
in Section A-6.
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Table A-2. Precipitation-runoff audit, Fulda region.

Entries in nin of Water on the Drainage Area

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

N 57 50 45 55 62 72 84 76 60 63 57 59

Av 10 12 13 13 8 6 5 5 5 6 8 9

Ao 22 30 23 14 5 5 6 5 5 7 17 19

V 5 5 9 28 49 61 73 66 50 24 10 5

B +20 +3 -5 -20 -28 -22 -13 -6 -3 +26 +22 +26

A 32 42 36 27 13 11 11 10 10 13 25 28

A/N .56 34 ,80 .49 .21 .15 13 .13 17 .21 .44 -47

Ao/A ,69 71 64 .52 ,38 .45 .55 50 ,50 .54 ,68 .68

Average Runoff in Liters Per Second Per Square Kilometer

Av 3.7 5.0 4,9 5.0 3,0 2.3 Io9 1.9 1.9 2.2 3,1 3.4

Ao 8 2 12,4 8.6 5.4 1,9 1.9 2,2 IL9 1,9 2 6 6,6 7J

Legend

N - Precipitation (mrm)

Av - Ground Water Runoff (mm)

A - Surface Runoff (mm)0

V - Evaporation (ram)
B - Restoration (+) or Depletion (-)

of Ground Water Storage (mm)

A - Total Runoff (mm)

A/N - Total Runoff/Precipitation Ratio

An/A - Surface Runoff/Total Runoff Ratio

A - - Ground Water Runoff (2/s/kmV
A 0 - Surface Runoff (;/s/km 2)

0
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As illustrated above, the most runoff is surface runoff; the

total runoff is a small fraction of precipitation most of the year;

and precipitation occurs frequently (on almost half the days)

throughout the year, but on only an average of one or two days a month

is the precipitation sufficient to cause significant runoff occur.

The threshold amount of precipitation for causing runoff varies

during the year, due to changes in temperature, growing vegetation,

and sunlight, and due to the relative permeability of the surface due

to prior precipitation, snow cover, or frozen ground.

The amount of area covered by water surface is a small fraction

(1-3%) for the region, with even lower values typical of watersheds

for illustrative water supply points.

The rivers in the area are characterized by having high levels

of chemical and biological contamination. Lakes, ponds, and small

streams contain less contamination, however, use of water purification

equipment is considered essential. Most major towns and industries

are situated in valleys on the larger streams and rivers. There are no

sizeable reservoirs or lakes in the area of concern. Droughts are

rare, but even in the most recent drought period (1959) low flow

measurements were generally above 0.5 liters per second per square

kilometer for watershed greater than 5 square kilometers.
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SECTION A-4

WATERSHED MODELING

A-4.1 Occurrence of Surface Runoff

Most stream flow is due to surface runoff, however, this occurs

only intermittently. The principal concern is the likelihood that

radioactive contamination on the area will be transmitted to the water

supply point (WSP). Contamination falling on all of the stream

surfaces would arrive at the WSP within about five hours for most of

the typical WSP watersheds. The average time for the contamination to

reach the WSP would be approximately half this value, as the times

developed in Table A-I are based on the arrival at the WSP from the

extreme point in the watershed. The area of running water in the

small, typical watersheds would generally be much less than 1% (and

possibly less than O.'i).

There is a threshold of precipitation which will result in

runoff. This threshold varies with season and recent rainfall. New

England wa, used as the region of the U. S. which may be closest in

character to that of the area of concern. The Appalachian area of

Pennsylvania may also approximate the region and could similarly be

used for estimating factors not immediately available for the German

area. Rainfall and runoff records for New England have shown that as

little as 0.15" (approximately 4mm) precipitation in the optimum

season for runoff (February-March in New England and Germany, see

Table A-2) may cause runoff, as noted in increased stream flow. A

typical threshold would be about 0.25" (approximately 6mm), while 0.5"

(13mm) may be necessary under very dry conditions in mid-summer (July

and August, see Table A-2). Under an extreme drought condition 1.35"

of precipitation did not produce an increase in stream flow.

Another factor in determining the occurrence and extent of storm

runoff is recent rainfall. The specific factor used is the Antecedent

Precipitation Index, which relates prior precipitation and the amount
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of time since it fell. In summary, the saturation effect of prior

rain is assumed to be reduced by a factor of ten percent each day.

This factor and the seasonal variations are used with rainfall

intensities and amounts to estimate stream flows. (A-2, A-3, A-4)

The general occurrence of rain in the region of concern was

summarized in Table A-3. Daily precipitation records for several years

for the area are given in Table A-5 through A-21. These data permit

the determination of antecedent precipitation indices for individual

days. Typical intensity of precipitation in the storms is indicated

in Table A-22. Typical occurrence of snow as a component of

precipitation is illustrated by Table A-23.

A simplified relationship for use in the runoff analysis for the

area of concern is necessary due to the limited availability of stream

hydrographs in which precipitation and subsequent stream flow can be

directly correlated. Factors used for the simplified relation are

those typically used, but developed from the various average data for

the area.

An antecedent precipitation index (API) factor of 0.9 is typical

for the eastern USA and has been recommended as an appropriate value

for use in this study. (A-4 ) A threshold precipitation value for the

occurrence of added surface runoff (the sum of the API and the day's

precipitation) of from 4mm to 13mm was selected. These values are

based on the experience in New England. The threshold-time-of-year

relation selected is shown in Table A-24 and was based on the Fulda

basin precipitation runoff audit, shown in Table A-2.

The extent of precipitation which results in surface runoff

would be dependent on the seasonal surface permeability (partly

reflected in the above threshold), the API, the short term intensity

(e.g., Table A-22), and in winter seasons, the extent that the

precipitation is snow (Table A-23) and the presence of snow cover

(approximately mid-December to mid-March in the Fulda region, Table

A-3). The data in Table A-23 indicates that most of the precipitation
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Table A-5. Daily precipitation data (mm) - Bad Hersfeld (1972).

Jun ,:cE, S 3 (,z t , .Set

3.7 3 0 t 0.o,

0,2 4.9 1.7

t 0. 0.1

0.1 t
t 5-5 1,1 0.2

- 3, -? 14,,, 2. t 10.2

, i .6 0. 3 03 0,6 1.4

; !Z 2.3 28 r, 9 - t 9.1

.!4 c' 4 &3 26 17.9 5.2

1 L 26 6 11-3 6.. 0.

0 1 3.1

-, 1. 0S r,

1. • 1.r r:,3 l r

1 3.l : i-r

; t'1' tL i



Table A-6. Daily precipitation data (mm) - Bad Kissingen (1975).

". A , " 7 7 , ' O u r) J u l A u , ; S u . C c
2 0.1 6.3 0.7 1.4 13 0.2 15 3
3 10.7 6.6 1.3 1.3 0
4 

t 1.9 1.7 0.95 0. 
0.9 

6.7 8.4 t6 0.2 0.4 7.2 t 
0.4 t7 11.3 0.8 2,6 
0.2 t

S1.7 7.20.1
9 1.1 8.5 t 16 t
n35 

t 0.6 
3.6 0.2

I1 t 0.? 1.3 6.5 2.4 2,712 1 0,3 3,6 0.3 10.0 7.2 4,4

1 3 0 0. 7v 10. 13.4 0.
8.4 0.4

23 a 7 5 .3t t t1 . 0.9 0 °5 t
7 3- i n 0 .1 V). 7 t 6 f, 3

9 t 0.7 05 0. 1I, 4 5 9 . 1 . o . 5"
0." 0 7 7. C° 9C?I 0. 

t 3 3
O ! 

6{ 6

23 3 
t" t~

i% 9.6 I !t . 0.5 0.2t1.,

4. .9A- 12

mow ~ i 4.



Table A-7. Daily precipitation data (mm) - Bad Kissingen (1976).

Da v .Jai F e :'ar Apr flay Jun Jul Auq Stp Cz: - Ncv I,-.

1 163 90 0.2 0.4 2,2

2 11.5 0.1 2.6 0.6 5,7 2.2 4.6 10,2

3 3.4 5,3 3.3 1.6 0.2 0.3 1.S 0.6

4 2.5 2.5 0.5 0.1 0.8 15.6 1.5

5 7.9 t 2.5

6 6 3 01 0.5 9M3

7 t 0.9 7.9 7.3

8 t 0.3 5.8 t 0,3 7.5

9 t 13.6 2.0

10 5,4 2,0 2,4 05 0.4 13,7 0.9

11 6 9 1.5 1.5 5.1 5.0

12 3 8 5,9 0M2 1.4 t 0,3 t 0.6

13 7.7 6,6 5.2 0,7 t 3,0 6.5 0.5

14 9,6 0 2 0.1 t t 0.9 67 0.

15 2.2 2.1 0,3 t 0.2

16 ,, 0.5 8,4 t t

17 0.2 4 7 1,4 t II 0.3

1a t 1.8 t 0.5 t

il 2.3 0., 1-0 t 0.3 1.0

20 19 . 0.1 4 o, t

21 7, 0,7 0.4 t 0.2

'2 9.6 0.3 t 0.1 0.1

3 1,6 t 1,5 t

1 9 2.4 3 9 12,1 0,5 163

21.1 t 9 7 3.2 1.6 0.4 0 5

26 2 t 4.1 0.2 0.1

27 .J 0M1 3,0 0.2 7.1 1.2 t

0'1 8.7 t 1. 0.5

0.5 2.0 0.1 1 t

t t 3.9 t 0.7 6.3 10.7
2.0 0." 0.3 0.3 0.7
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Table A-8. Daily precipitation data (mm) - Bad Kissingen (1977).

, v J~- "U ; ; / ._Jm 3 ]_ .' ,' ,: " . *,

? 17 t 0< * . !5.

3 , 5 5.1 1.4-

t 7-.

1.7

. , ,) i

0.2 s_

14 0,7 4t

-I C. 0 "

t 3 4

S, 7 2 .

<3 >

1 , t 2, t t20.4

1' 15 1r " 0.1 3

'- I t !" t, 6-4
177tt23 322.40.7
1.' 7 1 8.4 7

S1 5 13 0 a2 2.1

t . 1' t. 17 0< 37

* -. , 1., 3.4 0. 0. . 1 4

7 .

A-.20
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Table A-9. Daily precipitation data (mm) - Frankfurt am Main (1975).

2J, I r Ar Jm Jul A,2 Sep Oct 1Jo 'cc

1 0.1 G.1 4.1 t

1.7 9.9 2.6 0.9 1.6 7.5

3 0.1 11.5 1.4 6.5 7.9 0.2 0.2 1.8

0.6 1.2 1.4 28.8 8.6 1.4

5 0,3 0.2 2.3 t 2.0 t t

6 1.7 3.5 0.4 1.7

7 7,6 6.2 0.5 8.9 0.4

1.5 0.6 2.8 0."

9 1, 1.1 t

IC t 1C.0 t 2.2 t 3.? t

11 0,3 1.1 1.5 3.0 3.5 1.5 0.1
0.3 t 0.1 0.7 2.2 12.9 1.3 3.9

13 0.7 2,2 2.4 0.3 0.1 11.9 2.8 0.
0.5 8.5 02- t 0.3

r" I 3 20.7 0.1 5.6 0) 2.7
6 7 2.f) 0.1 0.2 5.2 12.1

17 3.7 0.3 t 6.P 25.9 3.3 01I

3.9 9.1 t 2.5 12.0 0.3 0.9 0.z

19 32 1,.7 1.3 4.0 0.7 0.4 12 7.2

0.2 1.5 15.4 0.2 0.1

21 0.I t 0.1 t 6.4 1.0

.- 37.5 20.0

23 7.2 0.3 0.1
241.9 19.3 tI.

7., t t t 3.7 1.9 0.2 t 0.

6 4.1 3.0 0.1 1.1 t

9.7 0.2 0.1 1.5

0.1 3.2 2.6

23 7.5 1.5 3.1 t

* . '1 •.4 t 1.3 0.5 5. 0.1 1.6
1 1. 7.4 ,t1.
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Table A-tO. Daily precipitation data (mm) - Frankfurt am Main (1976).

Fec Sir Apr -Y J7.' u- A'uo Sep Oct No€ C(cJ.l 
I0 I 0.9 1.0 5.33.6 0.2 t 0.2 8.5 2.7 3.1 4,6

3 2 2 0.3 44 0.9 0.6 0.5 1. 0 4
7.5 0.2 0.9 2,1 5-26 901 

0.4
7 t 0,9 6.47 1. ;1 0.5

t 9.2 4.5
9 1.0 t 1,2 3.0

t 7.5 3,5
13 ?8 2 30.1 

t t 1 3 1.1
1 71 07 1.4 0.4 3.8 0.612 0 a 17 6 2.0 2.3 0.3 0.9 0.413 39 0 2 9 3 6 0.4 04 6.9 0.4

7 t 2,0 1.5 M
115 2.4 

5,2 0.3

3.711 537 18 8 t 1.8 t
1. 06 

1.6 0.217 27 0.2 0.6 
1.9

.1) ,: 4 0,4 199 0.12i 0 2 t 3,6 49 0.1
I 0. 0 5 1.2

23 1 1.8 
0.5 t02 1o9 t 11"5 

0.2 0.6
0." :" t 

.2 0. 32 0.1 0.4 t
0 0 t 5 . 0.2 16 0.5 0.3 0.1 0 1

t 0.1; 0.3 1.1 t 1.4

0.3 2.5 0.2 2.1 0.6

t t 8.3
2.1 

6.6 12.1
2.0t
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Table A-ll. Daily precipitation data (mm) - Frankfurt am Main (1977).

Ap. 'a F' Ast Oy Jun Jul Aug Sep Oct o,

0,5 2.3 0.6 3.0 3.2 t
2 5.: 0,4 2.5 1.3 17.5

3 t 2.4 0.2 7.0 t 0.2 0.3 12.5

4 7,6 0,4 1.4 t 1.5 4.5 2,4

5 0 1 110 1.6 4.9 16.0

6 U " 49 t 0.6 7.7

7 3.3 1.1 7.2 3.6 8.2 0.3 0.1 0.6

8 0,3 0 2 t 3.1 3.2 0.3 9.0 0.1 0.9

9 5 1 45 2.0 1.3 1.4 0.7

13 6.t 9 t 0.1 4.6 0.1 0.1

11 1.8 1.7 0,8 4.9 3.6

12 11 3 1.9 5,8 0.1 3,4 4.4 12.3
12 4.1 0.3 1.4 1.8 1.3 2.3 40,2 0.3 0.1

14 3 1 0.1 4.2 1,5 1.1 0.2 8,6 0.3

15 1.3 5? 0.2 0M5 2,1 5.2 3.0 0.1

16 t 0 2.2 6,2 t
17 ,4.0 0.7 22,2 0.1 0 t

18 27 5.4 6.7 0.2 0.4 t

19 2.1 . 1,9 3.5 31.6

20 ?j 0,8 0.9 4.1 12.9 0.8 0'5

21 1.. 1.1 0.5 t 8,3 5.0

22 4.2 t 2.1 0.1 t 24,0 0.1 1,3 t

23 O11 3.0 5,0 5 4

7 ,4t t 0.7 20,2 2.1 1.2

23 V t 0.3 11.0 6.6 3.6 0.2 7.2 1.7 t
S , , t 0.4 43 7.6 1.3 t 2-2

0i 11.2 27 0.9 0.2 6.9

t 09 9.9 0. ,

[ .5 4.( 1.1 0.1 2.1

02 0.8 2.4 3.7

7.2 0.1
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Table A-12. Dai~y precipitation data (mi) - Frankfurt am Main (1980).

Day Jar Feb M.ar Apr tay Jun Ju I ,uq Sep eA N .v
1t t t 0 2 1 3 NI t

21.31 t 0, 3 0.4 0, -1 at

3 t 2.0 t 1.2 0, 1 fur t 0.1

4 0, C 1,4 t t 0.1 M,,tn t

5 0 1 0,6 t 0.3 t 0

6 0.1 0.? 0,9 0.1 00 0? 0.?

7 0,2 0,1 0,? t t 0.5 0.7

8 t 0O1 3.3 0 ? 1.2 0.3
9 t t .1 0 4 0.1 0.3 0.3

10 0 0 4 t 0..

11 01 tC t 0.? t

12 t 05 0. 0.3

13 01 11 ] 0,' .1

14 1.0 1.5 :5

10.3 t 7 0. ,

16 t t t 0.? 12

17 0t 0. 3? 0.3

1 ! t t 0 ? t 0-

19 t t .1 0i 0.? 0.1

20 t t 0.1 0 1 1, k.

27 0. 0.1 t t t

22 0.3 1. t 0.4 t

23 0.6 t 0.5 0.1

4 03 1.3 0.1 0.1
0 1 0, 1 ? 0,2 0.1 t 0.6 0.1

t 03 0 1 0.4 t

27 I 0.4. 0.1 t t 0.1 t

21 1.0 t t 0.3

t.2 0. i 3.5 ? 0.1 Z t

3U .1 t t 0. .3 t t t t

31 1. t . . 0. t
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Table A-13. Daily precipitation data (amm) Fulda (1975).

L' .,

... *. ;.6 1.3 0.1 9..

. ,I ;9. 7

20.9

"r i4 ''-J! 13 1
6 .

1: 5 33 ? .1 1., .
1 t 4,3 t

I . t 3 2.

10 3 6 07 0

, :3- .1 7

3 1 3 4

0 3 31714 0,' .

,, 3. 94 l7

U 0q I!. 3.3t

• . !.3,1. 3 L

C' ' ,50.; , E

.2 '-<' 2 
)  

.3 l . 0. 1.i

0.3'. 7t 6.1.
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Table A-14. Daily precipitation data (mm) - Fulda (1976).

t., F ma ,r Apr Vay Jun Jul Au( Sep OCt No v Por
11.o - 93 0.1 0-24 .2 05 -t2 3. 2 0.2 211 1.3 5.9 3,4 1.I 3.

f

3 8.0 t 1.9 4,9 3.8 0.3 0.1 1.6 t4 t 5.9 0.5 0.2 9.7 1,6
5.6 

1,0
6 1.2 t 

0.2 5,E
7 . 2.5 7.6 5.0St t 1.5 t 1,0 3.1

9 0.2 1,8 t 6.6 1.1 08
10 3 1 2-1 6.6 1.0 0,11 3.1 1.0 3.1 5,5 4,7
12 0,3 4 3 t 7.1 1.8 t 05
13 6 1.5 0,1 39 25-3 041 1.1 7.5 0,1 0,414 4 9 0 2 0,1 0,8 0.6 0 1 0 2 2,1
15 4,4 1.6 

0,3 0,3 0.2
16 0.9 1,5 

t
17 0,2 32 8.1 2.3
1 t 0.7 t 0.2 t
19 2,2 t 1.4 10.1 t 3,2 0.1
2) 8 4 02 t 4.9 t
21 3 1 5,9 44 0,3
22 5 6 1,4 2.0 t
23 36 

0,4 t
24 6 7 0.5 t 5 2 t 2.3
25 4 2 2 I 1o0 0.- 1.0 t 0,8 0225 .3 0 7 1.0 t 1.0 t
27 1.0 0.- 0.7 1,3 C1.8 3,0 0.2

t 0,2 3.1 0.1 1.0 1.2
I0. 1., 0.2 0.l 8.7

t 0,9 t 0.9 15.1
, 2.2 5.6 t

(\.-26



Table A-15. Daily precipitation data (mm) - Fulda (1977).

0,y J'I_ Feb Mar Apr May Jun Jul Aug Sep Oct rjcv Dec

1 1.3 6,3 1.9 7.3

2 3.8 07 t 0.5 11.3

3 0.7 1-1 0,4 3.4 1.0 0.2 1.5 31.2

4 t 2.7 1.6 I14 t 0M7 3.1 4.C

5 1.3 t 3.4 8.7 14.6 t

6 1.6 1.", 310 0.6 1.2 3.4

7 0,1 7.0 1.7 0.3 25 0 I1 18. 2.8

8 3.2 t 15 0,6 0.2 0.3 6.7 0.6

9 2 0 0.2 t 6,6 0.3 3.7 0,A 1.1

10 9 a 5 0 t 9.0 t 3.4 t

11 n.3 2,2 1.1 t t t O'S

12 2,4 2,? 2,1 3M0 5°2 1.0 13.5 b.7

13 3,1 0.5 4.0 3,6 2.? 63 0.2 0.7 0.6

14 4.1 7 0 2.7 16,.2 0.5 14.3 t

15 1.6 0.3 14 2,3 0.6 5.5 0,2 0.6 0.2 5.5 0.-

16 2,3 0.- t 0.2 10.3 0,1 2.5

17 0.2 1: 0o 0.6 23.7 2.1

18 2., 10.2 6.4 0.3 1.4

19 3 2 13 8 13.2 8.4 10.7 0-7

20 t 29,0 1.0 1.9 3.3 t

21 1.6 0,3 t 6.1 0.2 4.0

22 2,4 t 0 4 5.0 0.3 0 6

23 0.2 14 ' t 0.1 6.7 1.1

24 0,2 1,3 30., 7.0 9.9 0.7

25 6. 1.3 0 8 2.3 4.4 3.2 t 3.7 2.2

I.2 2.7 5.6 O.3 9.9 1.2 0.9 t 0.7- 2.1
27 7.6 0.6 1 t t 0M C.,,

3. 1.1 t t t I. 0.3

.t 0. 3 3.

1.5 0.

t t 6.6 1.2
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Table A-16. Daily precipitation data (mm) - Giessen (1972).

Div J F Ma 1ar Apt 11' v Jul Aw; C,, Cct No; v ec

6.1 O.t 3.4 t

2 0.3 2.1 1.1

3 1.1 1.0 8.4 0.1 t 1.5 4.2

4 1.2 6.0 6.7 0.6 0.6

5 5 2.5 t 1.0 0.1

6 0.2 2.3 2.4 14 2 0.1

0.2 t 3.6 0.6 1".9 0.1 0.3 t 6.

3.0 0.6 0.2 0.7 0.6 t 0o1 t 0.,

9 0] 03 9,9 4 1 47,5 11.1 0,4 0,1

1 0,6 6.3 3.9 6,6 t 0., 0.3 26.0 4.6 t

11 3 5 2 9 0.3 0. 7.1 6.F 4._

12 0,2 6.1 0.1 t 13.7

13 0.2 5.0 1.1 3.4 0.3
1.3 23.9 2.,

15 7-4 0°5 t .7 0.3

17_2 0.2 t 5. 3,91

17 0.7 17.5 1.5 2I.9

1. 7,3 0.1 3.3 3.) 1'1 t

I) 1 0-2 12t 0.3 4.1

20 3 0.5 0.. 1 .r 4.7

5,1 0.3 t 1.7 0.3 2..

1.2 0.1 .2 0.

23 5.2. 2.. Z. .4

7 2.5 .1 29.7 0. 7d

', 9.2 3.)

'C, (. . 9 '3. 6.2 9,.46 1. 3.2
.1113 0 1 (70. 7

2 0 2.5 0 . ; . 1 4. 3.7

2' 0.1 2.9 t 4.9 10.4
0.1 1.2 '.5 t 0.6

1 ) .1 1.9 t 2.9
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Table A-17. Daily precipitation data (mm) - Giessen (1975).

P lwr ATr la y Jun Jul Aut Scp Oct Nov DcC
t t t 1.4 6.2

I1 12.1 5.6 24 3.9 7.7

3 0 1 12.6 1,5 2.7 t 1.3 1.0

4 t 2.2 0.4 0.3 4,2 t

5 t 0.5 3,7 0.5 1.0 0.2

6 0 2 0.6 51 1.3 0.9 1.3
7 5,? 4.0 2.1 4.0 0.3 0.3 0.8

0.9 4.0 3.4 t

9 t 0.1

10 6-2 0.1 1.0 3.7 4.2 0.2 t

11 0,4 t 0.6 2.3 34 0.3 0,4

12 0 3 0,8 0.9 5.0 6.1 2.3

13 t 2,1 1.0 t 7.7 7.2 1.7

4 0.7 6,2 14.6 1.2 0.5 1.0

15 0 1 0 8 7.5 0,.2 3.0 t 0.5

1. 0.9 1.3 0.7 t 8.0 t

1 1,3 0, 1.- 0.6 15.,4 12.7 0.3 6.6 4.3

2 3 15,2 0 4 2.6 10.1 t 0.7 4.0 0.3 0.3

1-, 0.1 1.4 8.5 2.9 0 2 t 1,5 0.5 3.6

23 0 7 0.1 0 9 26.4 2.4 0.? 0 2

21 t 4,6 2,0 6.5 1.1 0,1
2? 5,4 t 351

23 06 t
24 2.7 2.8 0 4 2.0

- 7.6 1.1 0.6 3.0 0.5 5.3 0.1 1 5

0, 2.3 0.1 7.7 3.1

27 11.9 8.7 0.9 0.1 1.5

6.3 0.6 2.3 2.3
I' l.3 t 2,.,q 0,7 4.1

1."I1t 0. f.6 6.7 1.0
4.5 0.5 1.7
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Table A-18. Daily precipitation data (mi) - Giessen (1976).

y Jn Jul i%-j S C. Oct1 9 7 16,6 0.7 a.

2 43 t 0,2 3.9 3.3 1.2 3. 1 6

3 3,3 t 1.9 0.4 0.6 0.9 t

7.3 2.5 t 0.4 0.7 3

5 52 C

6 0 t t 2.4 0.3 1 -5

7 02 10 5.7 1,1

8 t 2.4 0-1 2.4

t 0.9 0.5 9.6 3] C'

13 2 C 3,2 0-6 t 0,3 t 1 0 07

11 11 1.1 2,3 0.2 5 1 1 ;°,

12 1,9 4, 1 04 2.5 0, 1.0 1.1 0 7

13 0o 2 8 1.7 0 6 7,3 0.3 8M0 0 6

11 5,7 t t t 1.8 t

0 ; .8 20 8.0 0 1 t

16 0 6 t 0.5

1 o 5 4 10,5 9.7 t

IS t 0.1 t 1.3 0,3

13 0,2 0.2 4.0

20 7.2 3 4 ll 8.6

2 1 2 3.5 3 0 t t

22 5 5 3 ' 1.3
13 4.3 0.

Z,; J 2,6 t 21 t 0,3 t1 3

5 ' t t 0.9 t
r 1 7 1.7 t 3.1 0.1

S1.2 8.1 0.2 0-7

0 -. . 6 . C ..
, , t t t 1. ., "

302. - :.

t-0



Table A-19. Daily precipitation data (mm) - Giessen (1977).

F2 2!' r,_l. O r ^,-v Y ;v Jun J ul Aug Sep Ot N,.

1 9 3 t 4.1 02 1.0 4.3

2 9 0.5 1,0 t 3.2 17,2

3 0.5 1,9 0,1 3.9 t 0.5 2.8 52.7

4 1.3 3.9 1,0 1.1 0.4 2.6 3.4

5 1,6 8.3 5.9 17.0

6 1.9 2.1 1,8 4.1 1.0 8.2

t 7.8 1.7 0.1 5.8 5.6 0.4 011

8 04 0,7 t 3.9 0.7 1,3 3.4 0.2 .l7 1.6

0 3 4 1,6 t 7.2 0.2 1.5 2.5 1,6

1 C i. (, . t t 12.9 t 0.5

11 0M t 0,9 1.7 t 0M7 2,9

12 5.7 t 11 3,1 7.1 12.4 16.7
13 1.0 2.4 0.6 1.6 0,1 2,7 1.3 2.5 0 5 0 9

4.0 t 6,9 2.1 8.5 14.6 1,5

Z.4 4 0 OoL 2.7 1.0 9,7 t 30 0.8

1.0 0 8 t 1.4 t t 1.7

t 7. 4,7 t 1.9 22.7 t 0.7

4 5 0.4 34.- 11 9 0.4 t

13 1.0 12 8 0.9 6.6 0,5 10,3 t

2) 0 1 20.3 0.1 0.9 3,4 3.7 0.4 0M3

21 7 Li1 1.9 0,2 t 10.4 t 1,4
2. 3.. 0.7 0.1 4.9 0.4 1.5 0S

23 0.) 0 1 9 0 0 2 0.1 t 5.4 2 8

. 5 0.8 26 4 0.3 3 2 3.1
13. 4 1 0.1 0 5 4.8 13.1 9.4 2.3 0 4

3, 0,1 0.? t 0.3 4.7 1.0 1.2 0.2 I '

2.1 O.6 101 0,1 t t 0.2 ( 6

0.1 0.3 t t 4.3 1.8
; t 5.3 1 .*0,

2I 0.1 4.5 t 6..

S5.; 0.
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Table A-20. Daily precipitation data (mm) - Neukirchen-Hauptschwenda (1980).

C, 
3'3 o

t 005

1 " 5 0, 2 0.1 
01 

G~0.

0 .0 0 0.5 t . t 9
, 1 0 . t0.1

0o.5 0 t2 t 0., t
S } 2 0 04 

.. 0.4 1., ?.0

t 0 .1 0.1 02 -1 ) " I-

t t '

4 
1.4 0.1 02 01 0.S t. 
I 'S 0. 2 3 0.

0-1 t 02 2 0 .

00 t t .1 C. 3 0 7

(1 . 1 0 0. . 1

] 2 -;t o 4 7 .0 1. 0 o .

.1. 2 1 . 0

!5~~~~. tC.21, .

0o0.

t t 0. 0 3

3'' . 0 . 7 1 1 . . ,

t ,

4-: 
; .
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Table A-21. Daily precipitation data (mm) - Schotten (1980).

Day Ja f) Fe 1ir Apr ray Jun Jul Aug Sep Oct NOV Cec

1 0 4 0.3 0.1 0.5 0,1 1.9 t

2 0,1 0.9 ().1 0.2 1.6 t 0.7

3 t 1.8 0.1 0.1 1.8 0.1 0.3 0.4 0.3

4 1.0 P-8 0.1 0.1 0.1 t t 0.9

5 0.4 0,5 0.2 0.6 t I5

6 0,6 0 7 0.7 0.3 0.3 0.3 0.6 0.5 0,1

7 0 1 C 2 0 1 t 0.1 0.1 0.6 1.9 t

8 0.1 0.1 0.6 0.1 0.1 1.6 0.3 0M1

9 t 0.4 0.2 0.4 0.3 0.2 t

10 0M2 0.4 0.2 1.2 2.5 0.4

11 0M3 0.1 0.1 1,5 0.9 0.4 0.2 0.2 0.2

12 t n,7 0M6 1.0 1.0 0.1

13 0.1 1 0,q 0.3 1,7

14 1.3 0.7 0.4 0.5 1.0

15 G, a 0.2 1.1 t 1.2 0,2

16 0.? 0.3 1.8 0.2 1.6

17 0.7 0.1 0.4 0.3 t

18 t 0.4 1.2 t 0.1 11

19 0,4 0.6 1.3 0.6 0.3 0.2

A U.; 0.6 1.7 0.5

21 0.3 0,2 t 0.1 1.8 0.5 t

2 02 t 0o 0.4 0.1 t 0.2

3 0, 7 0.2 t 0.8 0.7

(1.1 0.9 0.8 t 0.2 0.8 t 0.1

0,2 0.2 2.2 0.6 0.2 t 1.2 0.(

0.? 0M6 t t 0.1

,'7 t 0.3 0.6 0.4 0.3 1.5 0.1 0.5 t

21 l.7 t 1.2 t 0.7
0. ( 1 n.,, 2.0 0.2 1.0 ().1 0. 0.1

1.2 t 0.1 0.7 0.1 0.3 0.9 0.1 (.7

.1.2 0. 0.5
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Table A-23. Percentage of frequencies of occurrence
of mixed precipitation at Fluda.

Hours Thunder- Rain and/or Freezing Rain Snow and/ Percent of Observatio
(LST) storms Drizzle and/or Drizzle or Sleet with Precipitation

Jan

00-02 0.0 7.7 0.5 12.1 20.3
03-05 0.0 13o8 0.7 10.8 25.3
06-08 0.0 17o0 0.4 10.7 280
09-11 0o0 15.3 1.6 9.1 25.7
12-14 0M0 13.3 0.9 8.6 22,8
15-17 0.0 12.1 0.6 8.5 21.2
18-20 0.0 11.0 0.5 14.3 25.8
21-23 0.0 5.4 0.0 19.4 24M7
Totals 0.0 13.7 0.8 10o2 24.6

Apr

00-02 0.0 14.8 0.0 2.8 17.6
03-05 0.0 14.2 0.0 3.3 17.2
06-08 0.0 14.0 0.0 4.1 17.7
09-11 0.0 14.7 0.0 3.5 17.6
12-14 0.5 12.6 0.0 2,1 14.7
15-17 0M4 15.5 0.0 1.7 17.1
18-20 0.6 11.9 0.0 1,7 14i
21-23 0'0 10.0 0.0 3.3 13o3
Totals 0M2 13,9 0.0 3.0 16.7

Jul

00-02 0,6 3,3 000 0.0 3.9
03-05 0,3 4.8 0o0 0o0 5 0
06-08 0,3 7,7 0.0 0.0 7,7
09-11 0.5 6,8 0.0 0.0 7,1
12-14 1.8 6,3 0,0 0.0 7,4
15-17 2,0 6 6 0o0 0.0 8,1
18-20 2.2 3,4 0.0 0.0 5o1
21-23 0o0 3,2 0o0 0.0 3.2
Totals Lo0 6.1 0,0 0M0 6.7

Oct

00-02 0.0 12.3 0o0 0.0 12,3
03-05 0.0 13,0 0.0 0,3 13,2
06-08 0.0 11.9 0.0 0.0 11,9
09-11 0M0 10.1 0,0 0,0 10.1
12-14 0.1 11.5 0.0 0.3 11,6
15-17 0.4 12.5 0.0 0,4 12.6
18-20 0.0 9.5 00 0.0 9,,5
21-23 0.0 10.8 0.0 0.0 10.8
Totals 0.1 11.6 0.0 0.2 11.7
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Table A-24. Cummulative precipitation necessary
for added surface runoff.

Month Threshold (mm)

January 8

February 4

March 5

April 9

May 12

June 12

July 13

August 13

September 12

October 12

November 10

December 9
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in the area occurs as rain, even in mid-winter. The

precipitation-runoff audit, Figure A-i, shows that snow cover has

little inhibiting effect on runoff, the fraction of precipitation

which becomes surface runoff being greatest in the winter months.

Snow cover may have a delaying effect upon when the actual

precipitation enters the streams, however, as the surface runoff would

consist of both melted snow from prior precipitation and recent

rainfall.

The single seasonal precipitation-surface runoff ratio selected

to be used for this study is shown in Table A-25. The relationship is

an approximation as the proportionality would actually be a function

of intensity and total precipitation in the individual storm. The

entries in Table A-25 were estimated by considering the general

frequency of precipitation sufficient to directly increase surface

runoff (about I per ionth in winter to 2 per month in summer, Table

A-13), the average rainfall in the month and the average surface

runoff (Table A-2), and subtracting the thresholds (Table A-24) from

the precipitation.

The factors developed above can be used to provide a rough

approximation of surface runoff which might occur following a given

level of precipitation on a day of a given month, with the additional

data of recent prior daily precipitation. This relationship is shown

below:

SRO = [SRO/P e] x P e

with P = P + API - CPT
e o

and API ZPo n x (0.9)n

where SRO surface runoff (mm)

[SRO/P el  surface run-off excess precipitation ratio,
given in Table A-25

P = excess precipitation (nmm)e

Po 24-hour precipitation (an); given in Table A-13

API antecedent precipitation index
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Table A-25. Estimated proportion of excess rainfall
which becomes surface runoff.

Month Surface Runoff/Excess Rainfall

January 0.45

February 0,65

March 0,58

April 0 34

May 0 11

June 0 10

July 0.13

August 0.10

September 0.12

October 0.16

November 0,40

December 0 42

A-38



CPT = cumulative precipitation threshold (mm), given
Table A-24

PG-n 24-hour precipitation n days before the day of P0
(but if Po-n> CPT use Po-n = CPT, to avoid double
counting of prior precipitation that resulted
surface runoff), as given in Table A-13.

The above expression provides the possibility of double counting

24-hour precipitation below the level of the CPT which occurred prior

to both the current storm and an earlier storm which resulted in

excess precipitation. Further refinement of the expression, however,

does not appear justifed in view of the assumptions and approximations

associated with the factors it contains.

Application of the expression is illustrated by the following

example.

Problem: Determine surface runoff (SRO) from a watershed in
the Fulda river basin region due to the storm of
14 July 1975.

Solution: [SRO/P e I = 0.13 (Table A-25)

CPT = 13 nim (Table A-24)

Po = 33.7 mm (Table A-13, 14 July)

API = [.5 x .92] + (Table A-13, 12 July)
[6.9 x .9 ] + (Table A-13, 1 July)

(prior precipitation ignored)

API = 5.4 mm

P = 33.7 + 5.4 - 13 = 26 aine

SRO = 0.13 x 26

SRO = 3.4 mm

2
If the watershed area is 10 Km , the
surface runoff passing the water point
resulting from the precipitation on
July 1975 would be:

(3.4)nun x (1O)km 2 q' L ni x (1000)2 m2 = 34000m3 .
'-0900 nm Km2

A -39

-MI



A 4.2 Time Factors in Surface Runoff

The expression developed above does not indicate the time,

following the occurrence of precipitation, when the surface run-off

would pass the point of ext of the watershed (that is the water

supply point). This time is a utction of the size, shape, and average

slope of the watershed; surface conditions (time of year); and the

parameters of the storm it. :'f.

This study is primarily co!, erned with small watersheds (Table

A-I) with negligible surface storage. Surface runoff resulting from

rain on the watershed which exceeds the cumulative precipitation

threshold (Table A-24) would start to arrive at the water supply point

(WSP) immediately from the area draining immediately upstream. The

amount arriving from a continuing rainfall would increase rapidly

until the "time of peak flow" was reached, which corresponds to the

longest time that it takes runoff originating anywhere on the

watershed to arrive at the WSP. Snyder's Synthethic Procedure can be

used to develop this longest time (also referred to as the "time of

concentration").(A- 5) In this procedure the time is related to the

watershed's relief, shape, and length by the following expression:

tp = CT (L Lc) 0.3

where

t = time of concentration (hr),p

CT = constant,

L = length of watershed (miles), and

Lc = distance from the center of gravity
watershed to the watershed outlet (water
point) (miles).

Values of CT (see Table A-I) are based on those for the Appalachian

Mountain regions, modified for the relative average steepness of the

watershed slope. The calculated values of tp are shown in Table A-i.
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The rate of runoff, from rain falling at a uniform rate and

considering such factors as velocity of sheet and stream flow, would

increase with time as the ground absorbed less of the precipitation

and flows became greater. As a result, the amount of flow at the WSP

would continue to increase beyond the time of concentration ("time to

peak flow"), at least until the precipitation rate reduced.

The flow of surface runoff following a rainfall decreases

approximately exponentially. This is illustrated for typical streams

in Figure A-2, and some specific rivers in Figure A-3. The gradual

reduction in flow following heavy rain for points in the Fulda River

basin is shown for three cases in Figures A-4, A-5, and A-6. Note

that the stream records are in terms of gauge height. The

precipitation records are cumulative, thus the periods of most intense

rainfall are where the precipitation curves have the greatest slope.

Figure A-4 shows the results of one winter storm, Figures A-5 and A-6

illustrate stream heights during and following two successive storms.

In consideration of the above and the relatively small areas of

the WSP watersheds (Table A-i), it may be assumed that surface runoff

occurs essentially within four days of the rainfall. An assumed

distribution of this flow is: first day, 38; second day, 441; third

day, 11,; and fourth day, 77. To approximate flows from successive

days of excessive precipitation, the flows can be accumulated. For

convenience of analysis in this effort, the flow may be assumed to be

distributed over the entire 24 hours. Thus surface runoff of 1 mm in

one day would be equal to a flow of:

Lip I d ay x ( 1_0 m : 2 , / e

xQ '~ sec (vu~~ ~ ~/sec
(i) dy 6400 day I mm x (1000) -- x (1000) .... 11.6 ---

m Km2  Km2

The approximate total flow would be the combination of ground

water runoff for the corresponding month (Table A-2) and the surface

runoff caused by the precipitation.
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Figure A-2. Normalized distribution of storm runoff.
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a. Red River Basin above Denison, Texas
b. Delaware River Basin above Port Jervis, New York
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Figure A-G. River height response in Fulda basin (1939).
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In the case where radioactive contamination occurs within the

fourth day of excess precipitation (which produced surface runoff),

the residual flow would produce some immediately contaminated stream

flow. The area from which such flow would occur could be expected to

be less than even the fractional amount of the runoff, as the entire

surface area generally only contributes runoff while it is raining.

Subsequent areas from which drainage is occurring are temporary ponds

and lower areas of sheet flow. In consideration of the Fulda River

basin topography and to provide a basis for the study, use of the

following fractions of the surface area as contributors of surface

runoff are recommended: day of precipitation, 100%; second day, 40%;

third day, 8%; and fourth day, 2%.

A-4.3 Volume of Water on Watershed

An approximate volume of surface water on the WSP watershed is

required for contamination and dilution assessment. The approximation

developed below is based on prior estimates of normal and post-rain

area of surface water, runoff of storm flow over time, ground water

flow, and assumption of average stream velocities.

The volume of water on the watershed directly associated with

rainfall depends on the volume of rain, the proportion of rain which

becomes surface runoff, and the duration and shape of the storm

hydrograph. An approximate flow distribution and time were assumed

above. This is repeated in Table A-26 with the presumed area of

watershed covered by surface water. It is assumed that the rain

occurs on only the first day. Rain on the successive days or prior to

complete recovery from a prior precipitation should be treated as

discussed in conjunction with the antecedent precipitation index.

For the purpose of this study and with recognition that

approximations are sought which would characterize the region and not
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Table A-26. Storm runoff and area coverage factors.

Day of 2nd 3rd 4th
Item Rain Day Day Day

Distribution of Storm Runoff
(day of passing the WSP) 0.38 0.44 0.11 0 07

Area Covered by Water
(area contributing contamination
to stream via surface water) EDO0 0,40 0,80 0,02
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necessarily be exact for one specific watershed, it is assumed that

the storm surface runoff and the runoff due to ground water may be

treated independently and are additive. The principal considerations

associated with this assumption relate to definitions of the types of

runoff and stream flow.

There are several forms of surface runoff from a storm.

Precipitation on flowing water has an immediate impact, however, the

surface area is a very small percentage of the total. Some of the

storm runoff flows directly through the stages of sheet flow into

intermittent (ephemeral) streams (essentially carrying only surface

runoff and therefore only existing while there is post-storm drainage)

into perennial streams (which carry ground water and surface runoff

and thus flow essentially all of the time). Other storm runoff is

"interflow" which is surface runoff which is delayed due to ground

surface conditions such as heavy vegetation, forest floor cover, or

very localized ponding.

Interflow may also occur as lateral flow just below the surface

which joins the stream flow in time to form part of the storm

hydrograph (the runoff above that which would have occurred had the

storm not taken place). The ground water flow is generally somewhat

elevated after the storm discharge (4 days for the watersheds of this

study), which can be attributed in part to slower interflow. The

ground water recession is a much longer and continual process, as

ground water runoff is dependent on periodic recharging the ground

water level by precipitation. Another form of direct ground water

influence on the storm hydrograph results from the temporary sharp

rise in the water table adjacent streams carrying increased flow. The

higher water level can raise the water table level in the banks

sufficiently to reverse the hydrdulic gradient to away from the

stream, surcharging the adjacent ground and deferring the normal

ground water. The impact of this temporary in-ground storm storage is

to prolong the storm hydrograph and to raise the post-storm ground

water flow. That flow of water that entered the channel as stream

runoff and exited the ground adjacent to the stream banks during the
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period of the storm hydrograph can be considered to be surface runoff

for the purposes of this study.

The volume of storm water on the surface of a watershed may be

determined from the definition of surface runoff (which is inexact),

the volume of precipitation and the rate of runoff. The volume of

surface runoff is the fraction of the excess precipitation which

results in runoff. Table A-24 and Table A-25 provide average values

by months of the year of the cummulative precipitation necessary for

added surface runoff and the proportion of that excess rainfall which

runs off. These provide the expression for surface runoff (SRO):

SRO = (SRO/P e) x (P + API - CPT)

where SRO/P is from Table A-25, CPT is from Table A-24 and the
e

antecedent precipitation index (API) is determined by the time and

amount of the preceding precipitation.

The volume of water on the watershed due to precipitation

occurring on day one may be calculated from the value of SRO (in mm)

derived using the expression above and the factors in Table A-26. The

result is shown in Figure A-7. There is surface water on the

watershed during and immediately following a storm which does not run

off as surface runoff, but enters the ground or is evaporated (a very

small proportion). This surface water is not included in Figure A-7.

The amount of precipitation which is at the surface and then

immediately or later enters the ground is essentially the total

precipitation (Po) less the surface runoff (SRO). This may be derived

from the equation shown in the preceding paragraph.

The volume of ground water that is on the watershed surface at

any time is dependent on the ground water flow (Table A-2), and shape,

topogaphy, and size of the watershed. (summarized in Table A-i for

the representative WSP). This volume is akin to "Channel Storage",

except that the term is associated with the excess volume of water in

the streams due to a storm (part of the volume shown in Figure A-7).
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P= Total PrecipitationP (Storm assumed to occur in 6-hour period)

1000

SRO = (SRO/P ) x (P0 + API - CPT)
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Fiqure A-7. Volume of storm runoff on watershed.
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The volume in the streams when all flow is due to ground water (i.e.,

after the 4th day following a storm for the WSP watersheds being

studied) can be equated to the ground water flow and average time that

it takes emerging ground water to exit the watershed. The time of

concentration (or lag time) discussed above and shown in Table A-I is

an indicator of the time that emerging ground water would take in

transit to exit the watershed. (Note: it is assumed that the

watershed boundaries apply to both surface and ground water runoff.

This is not necessarily the case but these boundaries generally

coincide in the Fulda River basin). The tii.ne of concentration may not

be used directly as it relates to the time for precipitation falling

at the extreme point on the watershed to contribute to the surface

runoff at its exit. By definition, ground water would not enter the

stream at that distance. Ground water becomes surface water at

springs, which then become, essentially, the head of perennial flowing

streams; or by seepage at the banks of a stream where a water table

with hydraulic gradient toward the stream is intercepted by the stream

banks. There can be some sheet flow associated with ground water

emergence, however, in a cultivated area such sheet flow would

generally have been intercepted by drainage ditches.

Values of time of concentration are partially determined by the
difference in elevation and are based on storm flows, which are larger

and at much increased velocities than when the streams are fed only by

the ground water. Based on the average ground water flow (Table A-2),

an average slope for the lower basin of about .03 (Table A-i), an

assumed nian water depth of 1/4 foot taken is equal to the hydraulic
radius, a value of n of 0.050 for a typical natural stream channel,

and the Manning formula, an approximate average stream flow velocity

at the watershed exit of 0.6 meters per second can be derived.(A-7)

Use of this value and distance to the centroid of the watershed

(Column (6) Table A-i) provides a basis for a rough approximation of
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the average time for ground water to be on the surface of the
watershed prior to exit (t ga). The resulting expression for volume of

ground water on the surface at any instant (Vg, in m3 ) is as follows:

Vg(m 3 ) = Au (/sec/km
2) x Area (km 2) x tga (sec) / 1000

where Au is from Table A-2 for the corresponding month

Area is from Table A-I, column (4)

t = distance to center of area (km) (Table A-1, Col. (6))
ga x 1000/.6

The volume for ground water on the surface at any time may be

added to the volume of storm surface runoff determined from Figure A-7

to provide an estimate of the total volume of surface water, flowing

towards the exit, on a watershed at a given time.
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SECTION A-5

CONCLUSIONS

The above discussion and tabulated data provide bases for

determining: (1) the time following ground contamination that is

likely to elapse before soluble components of the contaminant are apt

to arrive at a water supply point, (2) the volume of water that may be

expected to arrive; and (3) the sources of that water. Soluble

material that enters the ground water would take much longer to

arrive, and its arrival would be distributed over years. The estimated

distribution of its arrival has not been estimated and application of

such empirical and theoretical bases as exist for such calculations

would be highly speculative.

In the absence of more detailed and coordinated German

precipitation stream flow records, and with recognition of their

intended application, the developed expressions appear appropriate.

The times of concentration could generally be ignored due to their

relative brevity, however, the estimates are provided (Table A-i) for

use in any cases of surface runoff concurrent with or immediately

following creation of neutron induced radioactivity, fallout, or

rainout.

A-54



SECTION A-6

REFERENCES

A-i. "Wasserwirtschaftlicher Rahmenplan Fulda" (Fulda Water Resources
Master Plan), Hessian Minister of Agriculture and Forestry,
Wiesbaden, 1964.

A-2. Linsley, R. K., et al., "Hydrology for Engineers", 2nd Edition,
McGraw-Hill, New York, 1975.

A-3. Private Communication, R. Farnsworth (Hydrology Laboratory,
National Oceanic and Atmospheric Administration, Rockville, MD)
to R. Sievers (SAI-McLean), October 1981.

A-4. Private Communication, C. White (New England River Forecast
Center, U. S.Weather Service, Bloomfield, CT) to R. Sievers
(SAI-McLean), October 1981.

A-5. Chow, V. T., "Handbook of Applied Hydrology", McGraw-Hill,New
York, 1964.

A-6. Babbitt and Doland, "Water Supply Enginering", McGraw-Hill, New
York, '955.

A-7. Urquhart, L. C., "Civil Engineering Handbook", McGraw-Hill, New
York, 1950.

A-55



A-5~6



APPENDIX B

WSWCM - Watershed Water Contamination Model

TABL.[ OF CONT[NTS

Section Page

B-1. INTRODUCTION .............................................. B-5

3-?. ITCHNICAL APPROACH ........................................ B-7

B-2. 1 vervlew ........................................... B-7

B- 2. ? Strei;i Water Contar in6t ino Model ................... B-8

B-?.?. 1 Comartment Model ing and
Concentration Calculation ................. .B-;'

'.P H-ssol,,:tTon of Radionucl ides .............. B-11

3-' . Mixiny Tank Model ......................... . -13

B-?. 3 Rimn f Water (Coo a nat ion Model ................... E-13

B-. I Contaritat ior Time Sequence Mode i ng ...... .- 14

B .-' . Rinoff Water Flow Model ................... B-19

- . i ter Contaminatioo Calculati)n ..... ...... ... -21

2.4 rid 'aa for Models .............................. .0 -22

P-, .4. 1 1ission Prod'jct Radionuclides ............. . -22

B- ).4.2 Watershed and Precit,i at ,n Characteristics P-'4

B -. 4.3 Solk bility Modeling ....................... F. -3?

i ,-3. 2 MP?, T R PROGRAM .................. .................. ...... [-35

I-3. I let roduct ion .......................................... B-35

R-3.2 User Input ......................................... B-35

3-3.2.1 Basic Problem Data ........................ 13-3S

B-3.'.2 Precipitation Data ........................ 1B-30

R-3.2.3 Radionuclide Data ......................... R-39

B-I



TABLE OF CONTENTS (CONTINUED)

Section Page

B-3.3 Computer Program ................................... 6-41

B-3.3.1 Main Program .............................. B-41

B-3.3.2 Subroutines ............................... B-43

B-3.3.3 Stored Data Arrays ......................... B-43

B-3.4 Program Output ..................................... B-43

B-3.5 Computer Program Listings ........................... B-46

B-4. SAMPLE WSWCM PROBLEM ...................................... B-62

B-4.1 Problem Statement .................................. B-62

B-4.2 WSWCM Input ........................................ B-62

B-4.2.1 Basic Problem Data ......................... B-62

B-4.2.2 Precipitation Data ......................... B-66

B-4.2.3 Radionuclide Data .......................... B-60

B-4.3 WSWCM Output ....................................... B-68

B-5. REFERENCES................................................ B-95

B-2



LIST OF ILLUSTRATIONS

Figure Page

B-i Four-Compartment Model .................................. B-9

B-2 Compartment Equations and Solutions ..................... B-1O

B-3 Sequence of Events for Material in Solid Phase .......... B-15

B-4 Volume of Storm Runoff on Watershed ..................... B-20

B-5 Flow Rate of Runoff Water ............................... B-20

B-6 Scenario Area ........................................... B-25

B-7 Basic Organization of WSWCM ............................. B-36

B-8 Flow Diagram for WSWCM .................................. B-42

B-9 WSWCM Program Listing ................................... B-47

B-10 Data Plot Program Listing ............................... B-55

B-li Sample Problem Input Preparation ........................ B-64

B-12 Sample Problem Input .................................... B-65

B-13 Te-131m, 1-131 Water Contamination ...................... B-69

B-14 1-133 Water Contamination ............................... B-70

B-15 Te-132, 1-132 Water Contamination ....................... B-71

B-16 Mo-99, Tc-99m Water Contamination ....................... B-72

B-17 Zr-97, Nb-97 Water Contamination ........................ B-73

B-18 Ba-140, La-140 Water Contamination ...................... B-74

B-19 1-135 Water Contamination ............................... B-75

B-2D Sr-91, Y-91 Water Contamination ..................... .. B-,-,

B-21 Ce-143, Pr-143 Water Contamination ................... .. B-77

B-22 Sr-89 Water Contamination ............................... B-78

B-23 Sb-127, Te-127 Water Contamination ...................... B-79

B-24 Zr-95, Nb-95 Water Contamination ........................ B-80

B-25 Nd-147, Pm-147 Water Contamination ...................... B-81

B-26 Ru-I05, Rh-105 Water Contamination ...................... B-82

B-27 Ce-144, Pr-144 Water Contamination ...................... B-83

B-28 Sr-90, Y-90 Water Contamination ......................... B-84

B-29 Ru-103, Rh-103 Water Contamination ...................... B-85

B-30 Cs-137 Water Contamination .............................. B-86

B-31 Te-129m, Te-129 Water Contamination ..................... B-87

B-32 Ru-106, Rh-106 Water Contamination ...................... B-88

B-33 Ce-141 Water Contamination .............................. B-89

B-34 1-134 Water Contamination ............................... B-90

B-35 Total Water Contamination ............................... B-91

B-3



LIST OF TABLES

Table Page

B-1 Fission Product Radionuclides ........................... B-23

B-2 Selected Data on Water Supply Points .................... B-26

8-3 Ground Water- Areal Flow Rite ............................ B-27

B-4 Estimated Proportion of lxcess Rainfall which
Beco;ies Surface Rinoff .................................. B-29

B-5 Daily Precipitation Data (tri) - Fulda (1975) ............ B-30

B-6 CunnFltive Precipitation Necessary for Added
Surface Runoff ........................................... B-31

B - Selected Di strib t i.)n Coefficients ....................... B-34

6- " eSr nr 1'ut Dat i --1 'i Ii red by V.SWC M ........................ 1 -

B-9 W sWI SY.h roi n, s ....................................... B- 44

SLY Stored , j '( J Arrays ................................ -. E- 5

,3-11 i i.ly ,ruc pi ift i e Da Ia (r,'K - Bad Hersfeld (197,) ..... B-( 3
R -I Anteri ndent Precii t i n Index "aliaculat ion ................-

B-13 Time- integrated Radionucl ide C ncentrat ions .............. B-

B-4



SECTION B-1

INTRODUCTION

This appendix presents a technical description of the computer

code WSWCM Ltershed Water Contamination Model). WSWCM has been

developed by Science Applications, Inc. (SAI) under contract to the

Defense Nuclear Agency (DNA) for use on the project entitled "Nuclear

Warfare Water Contamination Threat Assessment".

The purpose of the computer code WSWCM is to determine the

radiological water contamination that would occur due to the

radioactive fallout from a nuclear weapon detonation. The focus is on

the water contamination threat to U. S. Army field forces that would

arise in the event of nuclear warfare in Europe.

A review of the literature has shown that many water

contamination models have been developed, and are being developed, to

address specific situations such as the potential water contamination

associated with chemical and nuclear waste storage facilities; land

use changes like industrialization and urbanization; and the

application of herbicides, pesticides, and fertilizers in agricultural

areas.(B-, B-2, B-3, B-4)* Typically, these models are very complex;

require a considerable amount of detailed information on the

chardcteristics of the contamination source, the relevant chemical and

physical processes, and the water source; and are often "calibrated"

so as to reproduce the results of actual field data. The application

of such sophisticated models for this water contamination threat

assessment is not appropriate nor necessary because of the scoping

nature of the assessment and the lack of detailed input information.

*The number in the parentheses denotes a reference that is identified

in Section B-5.
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For the purposes of this assessment, a simple model which

incorporated the major factors that affect water contamination and

required a minimum of input data was deemed sufficient. Accordingly,

it should be understood that WSWCM is a very simple water

contamination model intended only for scoping-type calculations.

The technical approach used in WSWCM is discussed in Section B-2.

A discussion of the computer programming for WSWCM, including input

and output descriptions, is given in Section B-3. Section B-4

provides a sample problem that illustrates the use of WSWCM.

Referenced material is identified in Section B-5.
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SECTION B-2

TECHNICAL APPROACH

B-2.1 Overview

The Watershed Water Contamination Model (WSWCM) calculates the

time-dependent activity concentration of fission product radionuclides

dissolved in water that could result from the deposition of nuclear

weapons' fallout on a watershed. WSWCM considers both the prompt

water contamination that would result from the fallout material

deposited directly in the water and the delayed water contamination

that would result from the fallout material initially deposited on the

I and surface and s Ibsequently transported to the water by
rrecilitation runoff. All activity is assumed initially to be

associated with sol1d particulate fal lout. The activity may leave the

water'Thed only by radioactive decay or by being dissolved in water

which flows past the water supply pUint.

The principal characteristics of WSWCM are: (1) tne watershed is

modeled as a mix" tdnk, (2) radionuclide-specific distribution

coefficients are used to address fallout solubility, and (3) the

iodel treats radioactive decay including daughter in-growth. It is

i yortant to note that WSWCM addresses radioactive material in

sulut ion but does not incorporate any modeling of particulate or

sedi merit transport.

The technical approach adopted for WSWCM is described in the

following material. Section B-2.2 discusses the streai water

contwamination model that treats the prompt water contamination. The

runutf water contamination model that treats the delayed water

c rt t.ination is discussed in Section B-2.3. A discussion of the

irpi i data required for the models is given in Section B-2.4.
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B-2.2 Stream Water Contai finat ion Model

The stream water contamination to idel ddrt-sse,, tOil radiolog Cdl

contamination that res ilts iroi the di r.P de, iit iofA fd 10Aout

iaterial into the stream. The lmdel Jdo',eitink- !he t ie-dependent

concentrat ions of rdionucl I i t IK r ca wi, r that -passes the

water sapG ly 10.t

The stream water co0 ,, n it o , 'lo I uses tour separate

compartments to represent ' le r (own' o raren and daughter

radionucli des in solid and 1; ; : d , Hiiaes. The iiecharsims for transfer

frori ore coipa rtment to driother cuai;ilpartierit Irnclude: radioactive

decay, disso),tion fru the solid phase to the liquid phase, and

transport of liqu'd phase cotywinardWs out of the system by water

out-flow. The concentration oelf a rd jionc I It? in the Stream water is

deter,ined by iiding the anctivity present in the liquid phase by the

volume of water in the streaii.

The basic equations of the strei,' water contamination model are

described in the following material. Section B-2.2.1 discusses the

four-compartment model and the water concentration calculation. The

modelin n of the dissolution from the solid phase to the liquid phase

is discussed in Section B-2.2.?. Section B-2.2.3 addresses the mixing

tank model that is used to treat the liquid phase transport of

contaminants on of the system.

B-2.2.1 Cart:uent T'odelin 9 and Concentration Calculation

The four-comilartyent model used to keep track of the annimt of

parent and daughter radionuclides in the solid and liquid phases is

showi in Figure B-1. For each compartment, a differential equation

can he written based on the rates at which material enters dnd leaves

the compartment; the di fterential equation can then be so]ved to

obtain the diOltM of material in the compartment as a function of

time. hese equations arid their solutions are shown in Fi Pyre B-2.
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QSA \A QSB AB

Parent radioactive Daughter radioactive

Solid Phase decay Solid Phase decay

K dissolution K I dissolution
A B

QWA J iB B

Parent radioactive Daujhter radioactive

Liquid Phase decay Liquid Phase decay

1/ I out-flow 1,/I O(Jt- l o.

Termi no I,)jv
1)SA - ato)mn of paront .adionuclide in solid phase

SB - ato-,s of da;,i iter rtdionuclide in solid phase

dWA - atolns of parent radionuclide ir liquid ;)n,.:!e

- atom of dauhter radionuclide in liquid phas,

A - radioactive decay constant for parent radionuclidc (l],hr,

- radioactive decay constant for daughter radionucl Ae (I/hr'

A - dim-,olution rate from solid fo liquid phase for p<,., -t radionu ' (7 'h,.

- dissolution rate from solid to liquid phase for dau<ihter rd,iionuclioe (1
/.- rate of movement of material downstream (l/hr)

Fiijure B-1. Four-compartment m oel



Compartment Q SA

dQ SA k K)
dt -(A + A)QSA

I A+ K A at t=O0, QSA SA(O)

QSAWt = QSA(O) -It

C0mjPqr'TmentQSB

dQ SB
dt + " A QSA - + Kg)QSB

2 'B + K8B at t =O, SB - SBO

QSB(t) A QSM -[e- i -- ' + QS~ ) e-'
2 1

dQ WA
dt + A QSA - (A + 1/-) QWA

3 A + lT at t = O, Q WA QWA(O)

K

+t - KB QSB + 'A QvWA - (B+ Qw

L A 1/' 4o) t ~ 1 0 - _____ _ -

+2 "_ F. Q (0)---+ '-- L e- 3
3 S ' 1 -4- . 1 4-w3 ' 1 '

(o + K , 3 A SAO K Q~roW K;
L1 ' 4~ 4-2' - 4 2

A QWAM -,
v 4

4 3 1

Figjure B-2. Compartment equations and solutions.
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The model and equations given in Figures B-I and B-2 are used to

determine the amount of a radionuclide present in the liquid phase;

for examnple, Qw i(t) for radionuclide i. The activity concentration of

the radionuclide, C ,i(t), is determined by its radioactive decay

constant, .,i and the volume of water in The stream, V, by

Ili Qwl t
Cwi Mt = V

B-2.2.2 Dissolution of Radionuclides*

At equilibrium, the distribution of d radionuclide between the

solid phase and the liquid phase is expressed by a

radionuclide-specific distribution coefficient, Kd. By definition,

Kd =amount of radionuclide sorbed on solid ihase,
amount of radionuclide le-ft in-solution

so

Qeq /in

Kd = -qQeq /V

where

()eq amount of the radionuclide present in the solid phase
S at equilibrium,

Qw e q =Amount of the radionuclide present in the liquid phase
at equilibrium,

in mass of solid phase material, and

V volume of liquid phase material.

*In this discussion, the subscript i, denoting a specific radionuclide,

has been intentionally omitted to avoid unduly complicating the
equations.
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The dissolution of a radionuclide from the solid phase to the
liuid phsu Is Modeled as a first order reaction with a constant

coefficient,

dQ s -k Qs

dt

, -kt

", ,:" 'f,.. .:: ,'(11i :s initilal ly present only in the solid

^' "' ' .! c iK:¢a;l of the radi onuci ide present in both

-Vt

isIt , d h,ti th e qt i iI i bri uw between the sol i d
10itl ' i  w'!hmn i ite corresponding to the time

A u , : ':lk IUl)(P !l,

V -,
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thus

k = i 1n [1+ ]
T mKd

B-2.2.3 Mixing Tank Model

The portion of the stream that is up-stream from the water supply

point is considered to be a mixing tank in which instantaneous and

uniform mixing of the fallout material and the stream water occurs. A

time characteristic for this mixing tank model is obtained by dividing

the volume of water in the stream by the stream flow rate.

With a mixing tank model, the amount of a contaminant in the

stream is given by

X(t) - X e - t /
T

0

where

X° is the initial amount of the contaminant, and

is the time characteristic of the model.

B-2.3 Runoff Water Contamination Model

The runoff water contamination model addresses the radiological

contammination that results from the fallout material that is initially

deposited on the land surface and is subsequently transported to the

water by precipitation runoff. The model determines the

time-dependent concentrations of radionuclides in the runoff water and

couples the watershed runoff with the stream water flow to give the

contamination of the water, that passes the water supply point.

The runoff water contamination model follows the activity of

parent and daughter radionuclides during the time after initial

surface deposition when they are subjected to successive rains. The

radioactive mImaterial in the solid phase is affected by radioactive

B-13
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decay and dissolution into the liquid phase. The radioactive material

in the liquid phase is also affected by radioactive decay and

transport off the land into the stream by precipitation runoff.

The basic equations of the runoff water contamination model are

described in the following material. Section B-2.3.1 discusses the

method used to determine the amount of parent and daughter

radionuclides in each phase as time progresses. The runoff water flow

model is addressed in Section B-2.3.2. The equations used to determine

the stream water contamination that results from the contaminated

runoff water are discussed in Section B-2.3.3.

B-2.3.1 Contalination Time Sequence Modeling

The time sequence modeling used for the runoff water

contamination model assumes that the fallout material is deposited on

the land surfae at time to and rains subsequently occur at times t ,

t2 .... tn. Each rain causes a partioning of the radioactive material

between the solid phase and the liquid phase. The material in the

so] id phase remains on the land surface and is subjected to further

phase partioning by successive rains. The material in the liquid phase

is transported off the land surface and into the stream by the

precipitation runoff.

Figure B-3 shows the sequence of events for the radioactive

material, both parent and daughter radionuclides, present in the solid

phase. Ilach of these events is described below:

(a) t = t o . The initial amounts of parent and daughter radionuclides

present in the solid phase are given by Q0SIA and Q0 SIB' respectively.

(b) to < t < t1. Duriny the time period prior to the first rain, the

process of radioactive decay affects the amount of the parent and

daughter radionuclides present in the solid phase. So,

QS A(t) = Q0AeAt and

Q(t) = Q0lAQA)e\ At - 1 t] 4+Q - BSIB SIA S'B-BA
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()(b) (C) (d) (e)

Q'W2A

L QS2A S2A

QS3

QS JA

%1B

Ii. ' d u;-e . n ,IiM-in % l ~ale p i r t d r

*,~io c of eve ,, for material 3

in..i..i........3'



where A and are the radioactive decay constants for the parent and

daughter radionuclides, respectively.

(c) t = t . the first rain occurs at time tI. It is assumed that the

radionuclides instantaneously reach an eq]Li 1ibriuvi distribution

between the solid phase and the liquid phase.

As pointed out in Section B-?.2.2, the distribut ion coefficient Kd is

given by the exlression*

Kd s/

Qw/V

mvd

but the total amount of the r, id r ic Ii ie. :.

5 'w
(}', ' S +  v

so T + iTd]

o r Q

wit.h, of coirse,

iw  QT . 1
- .1 mKdJ ]

This (i ssolutiir; ft a radioruclide frou;, the ,)I id phase to the I quid

phoise results in the following equtions:

*Nfte that different vl ues of v) and V ire sed for the stream water

contam nrli i on miodel ard thle rulotf Water cnt ari n i on model
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V -I
QS2A(tl 7- OSIA(l [1 MU+

and

QS2B (t 1) = (SIB (t I i + -v1]

wher-e specifti c d istrvi huic o cool iici ents are used for the pa renit and

d(ai,,jhter rad onic I idies (Kand KdB I respect ivelIy) , a nd V1 I idl cates

the vol u ot )otent. ial ci'i witevr issociated wit-h the first rain.

(I ) t1 , ) - D di r-i n i ' t i -e period between the first and the

second ra, he wocea( ci 0 .tinactive decay affects the amount ul

LhC ~r-ent and ddaJ~jh,,2? raj (I i cii c I de s present in the solid phase. So,

+ a '. B k

t,) t 2 Ih tan(: a, a a-curs at ti;:e t .. 'his n n cdT.s"S

(In O)hr an a f o 'W c, ct ye ai f -r i a 1 a he Sol lo ,'id

A
av

3BS 2!t' [ + V2  -
lTlKd

hi S Ilodin 1 1: n. f dt( 'iv ind dii SS(Il ult Tali Can be (arl' i nited iS l onid

a TheC tad I ')aIc. I o 1I, I t 1(11I tniuri! 11 ho Sol Id jaeserves a>, d

S;(-;tcI for T.he -n!iil i Tnaw! Tan :t the wate(r-.
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As was seen in Figure B-3, radioactive material enters the liquid

phase at the time of each rain, ( i e. , tit t 2, etc. ). Each ra in is

treated as in individual event and the amiount of radioactive material

present in the liquid phase is affected only by radioactive decay.

For the first rain, the amount of radioactive material initially

present in) the liquid phase is given by

QWIA(ti) =QS1A(t9) I~ [I + j
and WlB(tI) = QsiB(tl). {i-E B ~

At any subsequent t ime, the amount of parent and daughter

radionuclides present in the liquid phase, as a result of the first

rain, is given by

QWIA(t) = QCAt)--At-tl)

and QW B(t) = QW jA(t j).y A __) . [ C -A -t I C -B ( 1 1

+ QI,(l)-e B (t-tl)

Similar equations can be written for the second rain; specifically,

(KA(t 2) oS2A(t2)' {i 1 +}

Q 2 (t2 Q s B t ) I + V 2d

OU'2A (t) Qw,2A(t?). e-A(tt2) and

QW2B(t) QW2A(t2)' (- A <(t-t2) - -Bt2)

+ 0,W213(t 2). e B (t-t2).
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B-2.3.2 Runoff Water Flow Model

Figure B-4 shows the .ime history of runoff water on the

watershed. The figure is based on an engineering estimate of the

hydrological characteristics of a typical watershed. The key features

of the time history are: (1) the volume of water on the surface

reaches a maximum at 80 hours, (2) the surface runoff is completed in

4 (lays, and (3) the integral of the time history curve is 1000

:13/Km 2 per mm of SRO (surface runoff).

An approximation to the time history curve of Figure B-4 can be

developed by considering a mathematical model for the volume of
- t

surface water', V(t), that has an input rate of R e and an output
rate of kV.

Mathematically,
_dV = + R e- t - kV
ft 0

with V(o) = o

thus V(t) = R . 1 , - e - t]

The values of the iaraieters of the equation (i.e., R 0 k, and N) can

be deteriined by trial and error with the objective of matching the

three key feajres of the time-history curve shown in Figure B-4. The

parameter values of R - 313.7 in /hr per mm of SRO, k = 0.0348 1/hr,0
and, 0.3011 1/hr provide a suitable fit, as shown in Figure B-4.

Using this i;nodel apProximation, the rate at which the runoff

water flows off the watershed given by

F kV

OrF(t) R k [e- t-
Bk--1
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Engineering Estimate
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T ime After Storm (Hor)
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where

F(t) flow rate of runoff water, m3 /hr per imi of SROJ,

R 0 313.7 m3 /hr per mm of SRO (a fitted constant),0
k 0.0348 I/hr (a fitted constant), and

0.3011 i/hr (a fitted constant).

A plo of the runoff water flow rate as a function of tine is

shown in F igure B-5.

B-2. 3. 3 Water Cont aminat on Cal cul at ior)

The equat ions presented in Section B-2. 3. 1 determine the amount

of parent and daughter radionucl ides present in the liquid phase as a

function of time for a specific ruin. The activity concentration of

the radionuclides in water is deterfmi fied by the radionuclide

rad i oact ve decay const,nt and the vo I ocie of ;uteot iaI runoff water
th

issociated with the rain. For exami le, the t h rain,

C iA(t) = -A iA )

V.
and 1

C B " Qw iB (
t

w iB ,t)' V. - v ......

The iater i i ',resented in Sect i on B-2.3.2 descri bed a runoff

wter flIow modeI and presented an equation for the time-dependent flow

rate for the i h  rdin'f I  (t-ti).

When the contaminated runoff water enters the stream, it mixes

with the mormlk1 streaii flow, F, and the existing stream water

contami nat, ion C wA (t ) and CwB (t), as determi ned by the model descri bed

i n Sect i on -2 .2

rhe resl t i nj water contaminat ion is given by

F C ( n

wA(t ) + Z F(t-ti) CwiA(t)

CA(t) n

F + E Fi(t-ti)
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n

and F CB (t) + 1 Fi(t-t i ) CwiB(t)
CB(t) = _ _ _ __ _ _ _

B n

F + E F (t-ti)
i=1

n

where the Z indicates the inclusion of up to n rains.
i=1

B-2.4 In ut Ddtd for" Mo(lels

The stremi water contamination model and the runoff water

contanlnat ion imiodel requ ire three basic types of input data or

inforiation: (1) fission product radioriucl ide data, (2) information

on watershed and precipitation chracteristics, and (3) data and

infori:iation for solubil ity model ing. The following material discusses

the api roach used to provide the necessary data dnd information for

each of the thre categories.

B-2.4. 1 fis ion *'rod, ct Raoionucl ides

The raJiicaI iv e fJ i t from a nuclear weapon explosion contains

several hLandr Cd fIssu I vodict radion clides. For a variety of

reas(ns t.g., rela ive yIeld, radioactive decay characteristics,

water" Solubility, radi,jtion dosimetry, etc.), riot all of the fission

prodocf rd 1diamclides are of significance to the water contami nat ion

threa. analysis. Table B-I lists those fission product radionuclides

that have been identified as of importance to the threat aia lysis.*

In Taible B-I, the radionuclides are given as parent-daughter

pairs (e.g. , Sr-90, and Y-90), where relevant. This is an important

aspect of rid .uct i ve contami nat ion model i ng s i nce there are cases

TT i-s ideIt if icaitan was a sed on an assessme cnt of ,.he relat i ve
imp)ortance )f spec if ic radi on(uc 1 ides present in i nif ract i oniated
f ission prrulcts ii teri;s (f irmletstion dose cai;IImitweritS using
data froi;i Refe rence R-').
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Table B-1. Fission product radionuclides.

Normalized Normalized
Parent Ground Concentration* Daughter Gror~d Concentration*

adi on uclIi de CC-i/kfT2 - for 1- R/h r at H+l1 Radionuclide (Ci/km" for 1 R/hr at H+1)_

Sr-89 4.1
Sr-90 .027 Y-90 .0060
Sr-91 660. Y-91 .21

Zr-95 4.8 Nb-95 .0030
Zr-97 410. Nb-97 220.
Mo-99 100. Tc-99m 0.0
Ru-103 4.2 R11-103 0.0
RLj-'05 270. Rh-1OS 5.7
Ru-106 .079 Rh-106 0.0
Sb-127 2.2 Tle-127 0.0
Te-129m .070 Ve-129 0.0
Te-131m 13. 1-131 15.
Te-132 71. 1-132 30.

1-133 300.
1-134 4400.

1-135 990.
Ba-140 24. La-140 .63

Ce-141 .93
Ce-143 200. Pr-143 .30

Ce-144 .94 Pr-144 0.0

Cs-137 .28
Nd-147 11. Pin-14 7 0.0

*Trhe normal-ied ground concentrations were obtained using the SAI computer
code FIIDOS described in Reference B-6. The calculated vatic of exposure
rate to the surface contamination was 13.4 R/hr per Ci/m 2 at H+1 hour.
This ratio is equivalent to 2400 R/hr per KT/mi2, which compares quite
well with the value of the K-factor reported in Reference B-7.
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where the initial amount of a daughter radionuclide is small but large

amounts are subsequently added by the radioactive decay of the parent

radionuclide.

Table B-I also shows the normalized ground concentration (Ci/Kn 2

for 1 R/Hr at H1+1 Hour) for- each radionuclide. These concentrations

are based on the calculated inventory of unfractionated, U-235 fission

products present at one hour after the fission event occurs. The

concentrations are referenced to a fallout deposition contour that has

an abuve ground external radiation exposure rate of I R/Hr at H+I hour.

B-2.4.2 Watershed and Precipitation Characteristics

The watershed and precipitation characteristics used in WSWCM

pertain to possible field water supply points lucated in the

preselected scenario area. This area, shown in figure B)-a, is bounded

by Marburg, Giessen, Frankfurt am 'Aain (n the wes* , and the Fulda

River valley on the east. The descriptive i nformat ion on the

watershed and prec i pi tat ion char-acteri st is for the scenario irea is

contained in Appendix A, "Water Source lnforvition."

Tables B-? and B-3 provide i rfrrmtion on the watersheds that

support specific potential water sup'ply points sited in the scenario

area. This information is used by WSWCM to deter;iine the mixing tank

time characteristic, : , and the volume of water in the stream, V, for

the stre am water contamination model.

The time characteristic (hr), is determined by the distance from

the center of the watershed to the water supply point, D (Kiii), and the

estimated average stream flow velocity, S (m/s), by

s 1 .6
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Table B-2. Selected data on water supply points.

Water Supply Area Distance from Center
Point No. (Kinm 2) of Area to WSP (Km)

1 636 58

2 100 1 4

3 12 6 3.2

4 271 27

5 12 8 4.0

6 281 35

7 122 36
8 30.9 2 0

9 13.6 2 5
10 79 30

11 12.4 4 5

12 16.6 5.3

13 93 32

14 21 4 3 9

15 33,0 7 2

16 17 4 3.2

17 10 8 2.3

18 8.4 2 6

19 20,5 3.9

20 22 1 3 3

21 8 7 3.1

22 14 3 3 1

23 19 9 4 0

24 31 7 4 6

25 45 3 6 4

26 15 4 2 6

27 95 20

28 12,5 2 7

29 25 8 4 2

30 24 7 4 0

31 40 2 4 2
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Table B-3. Ground water areal flow rate.

Ground Water Runoff

Month (,/s/Kn___

January 3 7

February 5 0

Ma rch 4 9

April 5 0

May 3 0

June 2 3

July 1 9

August 1 9

September 1 9

October 22

November 3.1

December 3,4
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where the factor 1/3.6 converts Kmt/m/s to hr. Values for D can be

found in Tible 11-2 for each Water supply point watershed. The average

stredw~ velocity at the watershed exit has been estimated to be 0.6

iieter'S per second.

The .,() j:,e of waiter i n the stredr V (),in the absence of

;c i a oni r uti o f t ,is dot orri ned by the ground water areel flow

rateU, I / /s '~;) he a rea of t he wa tershed, A<), and the

wai* rsheOj ti ch~ircter !st jc , (hr), by

V = F -A --- (3600)

where the ftic' 'tr 3000 converts s to hr.

Tables B-1~, G0 ', ind B-o, prov ic infor:,ation on the rcptto

charter s*-t'ISC usOf the scenario area. This. nmfor;' atii to' u sed by

W SXC to0 !C-roi1 n + thC Vol weIA Of Snrface runoLf f Wad rcoSed ',v
ri f Ujfo he ruIno ff walte(,r C -1 roi nat." '11C it,

The 1A of o '-t J CC rril t r f a t or et re s 1 tog" ron (j I V('~ ra i n ,

n, y *-he araof '-he wutershe~d. A K d nd

1 riejr acm'in of surf,:ce runoff w,4tor, SR)" 1ii)vb

where thto I u' tot' con ;orts 5 ; -I'IFU , o

The linedr o':mnt of s~~rfce- 'n oft water reut i to: a ie

r- i n is deI.(rO i ied 5y 'he ai t f water del us t'ed by !he ra i n the

r ior ;)recjji Htationi hi story of the watershed, aid 'he hydrological1

characteristics, of wail rshed. The elliot i o'i ,or for c~c latiti tnhe

lirneair amoumt of surfaice runoff arie:

sp { SI'P P x P'

w it hb

P1 0#AP P
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Table B-4. Estimated proportion of excess rainfall
which becomes surface runoff.

Month Surface Runoff/Excess Rainfall

January 0.45

February 0.65

March O 58

April 0M34

May 0, 11

June 0 10

July 0.13

Aug;ust 0.10

September 0. 12

October 0.16

November 0 40

December 0,42
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Table B-5. Daily precipitation data (n) - Fulda (1975).

H, . 2j,, F ... wa ,X. ' 3.JcM J ! ' SC.P. Oct I.:, [ ..c

t t I., 0 1.7

2 0.2 0." 0.7 2. 02 0 0. 1.3 0.1 9.4

3 4.. 5.. 1.4 0.3 1.0 2.(

t 0 t 33 t 9.7 0.9 G.,

5 :t t 6.1 C.-

6 3.1 t ~ '.c t

7 . 1.7 4,1 t 0

S, 0, t 4.. lc.' t

t t 3.9 1

12 3,6 t 2,5 .9

11 t t 1.2 4.2 6.9 t 1 31

12 0." 2.3 0.5 9.6 6. 7.1

13 1.1 0. 0,1 .5 11."

1 0. 2.2 3<- 33 7 1.7 1 0.

1 1). t 4.3 t 0.1 0. 12f

1 12 1.7 t 1.3
17 t L t 2,2 4, 4 1

132 :. 0,2 4.o 0.7 4. 3.6 0,. G.

§, 3. 3.3 0.2 0.7 7.
Z : 1. fl . ,: C? •3. 9.4 If .'. ." .'

0" O., 0-2 3.

z, 87.5 1 .. t t C .

23 . . 0., t

,14., ,, 0.3 1.

, ,. 0.2 4.7 22 t
15. t t

*0.! 0.1 1

1.3 3.

0.3 0.7 t .
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7

Table B-6. Cummulative precipitation necessary
for added surface runoff.

Month Threshold (mm)

January 8

February 4

Ma r c h 5

Apri l 9

May 12

June 12

July 13

August 13

Sep tember 12

October 12

November 10

December 9
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and

API 10 -11  x (0.0)
where n

SR) - surface runoff (mm)

[SRU,'P] e surface runoff-excess precipitation ratio,
as given in Table B-4.

P - excess precipitation (mim)

P - !4hOUr recip itation (iim, gjiven in Table B-5

AtI'I antecedent prci c ,itat ion inoex ( mm)

CPT cumulative preci pitation threshold (mm), given
in Table R-0

P o 24-hour precipitation n days before the day of P
o-n 0

(but if Po-n > CPT use Pu-n CPT, to avoid double
counting of prior precipitation that resuled in
surface runoff), as given in Table B-5.

B-2.4. 3 Solubility Model inq

Very little inf,-,rr;ation is available on the solubl ity of

sp ecific radionucl ides present in nuclear weapons fall out. I nformat ion

is al so lac1, in on the rate at which the fal lout dissolves and the

radI on c ides enter the I iqjid phase. Most of the statewents found in

the available I iteratuire regarding fal lout sol ubil ity refer to fal lout

as basically insol uble but cite some radionucIi des present in the

fallout as soluble.

To handle solubil ity model ing in WSWCM use is made of

radionuclide-specific distribution coefficients. Information on these

distribution coefficients is found in those portions of the nuclear

power literature dealing with environmental contamination of water

bodies by rout ine releases from nuclear power plants and with the

impacts of potential releases of radioactive material from long-term

nuclear waste storage facilities. (B-, 1-, , B-10) The use of these

distribution coefficients for fallout solubil ity modeling provides a

reasonable approach in the absence of adequate data on actual fallout.

13-32



A distribution coefficient is defined as:

amount of radionuclide sorbed on solid phase
amount of radionuclide left in solution

Since the solid phase activity is usually expressed in units of Ci/g

and the I iquid phase activity in units of Ci/m, , Kd typically has

units of m /g. Table B-7 shows selected values of distribution

coefficients lor those elements whose radioisotopes are considered in

WSWCM. For a Specific H'lheent., the value of Kd is dependent upon the

che::;ical state of !he elemient, the type of solid matrix in which it

texists, the physical charcteristics of the solid and liquid phases,

'nd the niature of the d ist )l , ion process; however, the actual

rel at i nshir of the val ie of kd to these is generally not known.

Va ues of hd are normiial ly det eriii ned by laboratory or fiel d

ex; erirments and, as shown in Table B-7, these values exhibit a wide
rao~e.

t is i:-pur'Iant tc n th,! 1 the dist ribution coefficients refer

t} the, jhjs Istribt ion of the radionjcl ide at eq il ihriu,. >n

WW(M, ass&;! inns rado , t rochinj eqii 1 ibriulTm condit ions are, in

1ffec assr "ons ,egarno the rate at which tie radioruol ides

d Is kv) .I ( h:,, h. 1 he' sS:,,' ioru, 1o net ap'pear unreasonable, it is

nu;t rea 1 1 y ss i iIe t, vai d,,te t he: because of the absence of actual

fal lout dat1

To tise ri'-Iributinr, coetficients in WSWCM it is necessary to

c ec ffy the a!:ur nm of sul i phase material with which the radionucl ide

( as C( it ed, 1t nas been assuried that this solid !:rass is the amount

of soil , or fallout material , represented by a uni form deposition over

tue w itershed reo of mliaterial with a thickness of 100 microns arid a

den si ty of I.4 g/cc. These j,,suript iuns give the solid phase material

I 11 'i rir areal density of I. x 10 Kq/K m . This density is

mul tip] led by the area of concern to deterri ne the mass of sol id phase

material . tor the strea;r water contaminat ion model , the area is 1' of

the watershed area; for the runoff water cuntarni nat ion model the area

is Q, of the weatershed area.
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Table B-7. Selected distribution coefficients*.

Kd
Element K1d/N

Ba 500
Ce 10,000
Cs 1,000
I 10
La 500
Mo 25
Nb 10,000
Nd 10,000
Pm i0,000
Pr 10,000
Rh 5,000
Ru 5,000
Sb 100
Sr 1,000
Tc 1
To 100

y 1.000

Zr 1,000

*These values were selected from References B-8 and B-9. Reported Kd
values exhibit a wide range; for example the value for Zr ranges from 1000to 10000 and the value for Sr ranges from 8 to 4000.
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SECTION B-3

COMPUTER PROGRAM

B-3.1 Introduction

The computer program WSWCM is written in qRTRAN-IV for operation

on the PDP-I mini-computer at SAI-Schaumburg. WSWCM requires 16K

memory storage. A typical WSWCM problem has a running time of 5

m;inutes. User problem input is provided from a keyboard terminal.
Code output is directed to a printer and a disk file for subsequent

data plotting.

WSWCM consists of a main prograil with seven subroutines. Stored

data arrays in the code contain prohlem-independent data.

Problem-dependent data is input by the user. Program output is

printed and processed for input to a separate data plotting package.

Figure B-7 illustrates the basic organization of WSWCM.

The following sections provide a more detailed description of

WSWCM. The user input is discussed in Section B-3.2. Section B-3.3

describes the main program, subroutines, and stored data arrays. The

program output is discussed in Section B-3.4. A Fortran listing of

WSWCM is provided in Section B-3.5.

B-3.2 User Input

The user-supplied, problem-dependent input to the computer

program WSWCM consists of three types of data: Basic problem data,
precipitation data and radionuclide data. Table B-8 indicates the

input data required.
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User Input

Main Program Subroutines Stored Data Arrays

44MHEAD B
TAIL XD
sum CPT
RESET SROPE
QSTEAD-IY FC
RA IN

___________________FLOW ______j_____________

Programr utu

Firjure B-7. B~asic organization of WSWCM.
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Table B-8. User input data required by WSWCM.

- - - - - - - -Basic Problem Data---------

1. Fallout Exposure Rate of Watershed

2 Problem Simulation Time

3. Identification Number of Water Supply Point

4 Month in which Problem Starts

5. Number of Rains during Problem Simulation Time

6 Number of Parent-Daughter Radionuclide Pairs

- - - - - -- Precipitation Data--------

7 Time it which i t h Rain Occurs
th8. Amount of Precipitation in i- Rain

thh
9. Antecedent Precipitation Index for Mt  Rain

10 Month in which i-h Rain Occurs

- - - - - - Radionuclide Data--------

11. Identification Name of j th Parent Radionuclide

12 Radioactive Half-Life of jth Parent Radionuclide

13 Distribution Coefficient of jth Parent Radionuclide

14. Normalized Ground Concentration of j t- - Parent Radionuclide

15. Identification Name of jth Daughter Radionuclide

16. Radioactive Half-Life of jh Daughter Radionuclide

17. Distribution Coefficient of jth Daughter Radionuclide

18. Normalized Ground Concentration of j th Daughter Radionuclide
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B-3.2.1 Basic Problem Data

The basic problem data is given on a single card image containing

6 data entries. These datd entries correspond to the first six items

listed in Table B-8.

(1) Fallout Exposure Rate of Watershed

Name: R
F ormat: E10.3

Remarks: The fallout exposure rate of the watershed
is the normalized external exposure of the
fallout expressed as R per Hr at H+1 Hour.
This rate is assumed to be uniform over the
watershed area.

(2) Problem Simulation Time

Name: LTMAX

Format: 15

Remarks: In the model, time starts at 0 and continues to
LTMAX. LTMAX is expressed in hours.

(3) Identification Number of Water Supply Point

Name: ,WSP

iorimat : I1-

RemarKs: The model contains data (see Section B-3.3
regarding stored data arrays) for 31 specific
water supply points/watersheds.

(4) Month in which Problem Starts

Name: MOS

Format: 12

Remarks: The months of the year are nu;ibered frow
I (January) to 12 (December).

(5) Number of Rains during Problem Simulation Time

Name: N

Format: 12

Remarks : None

(6) Number of Parent-Daughter Radionuclide Pairs

Name: NNUCS

Format: 12

Remarks: None
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B-3.?.2 Precipitation Data

The precipitation data consists of 4 data entries (Items 7

through 10 of Table B-8) for each rain; the data for each rain is

given on a single card image. The user must input N precipitation

data card images (see Section B-3.2.1, Item 5).

(7) Time at Which ith Rain Occurs

Name: LTI(I)

Format: 15

Remarks: LT1(I) is expressed in hours.

(s') Amount of Precipitation in ith Rain

Name: XPO

Format: [I0.3

Remirks: XPO is expressed in mm.

(9) Antecedent Precipitation Index for ith Rain

Name: API

Format: E10.3

Rewarks: API is expressed in mm.

(10) Month in which i t h Rain Occurs

Naiuie: MOR

Format: 12

Remarks: The months of the year are nubered from
I (January) to 12 (December).

1-3. 2.3 Radionuclide Data

The radionucl ide data is provided for parent-daughter

radionuclide pairs on two card iliages; the first card image is for the

1 drent ridionuclide, the second card image is for the daughter

rad ucic 1 de. Lich card image contains 4 data entries; these entr es

correspond to ite;is 11 through 14, or items 15 through 13, of Table

B--. The user must input NNUCS pairs of radionuclide datd cdrd images

(see Section B-3.2.1, Item 6). If a radionuclide is not a member of a

)aremt-daughter pair, the user enters null data for the parent and

inputs the specific radionuclide data for the daughter radionuclide.
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(1) Idenitifi1cation Names ofjt h I'dtr1-er a (Ii Ofnlu , I I It

Name: NAMLA

Forrliat: A4

Rer;arks: If the rad i or~c I Jr de I e~ tlj !(1 af, r
eniter NOMN.

(12) Radioact 1ve !ii t-,it t ut h Ki',I j' I

Nirie: 10{AL! A

F(DrIlIdt ! 10. 3

Rema rks : THALFA. i . exp~ressed Iti hors . f the
radi of~c II de )da r du, l t t.~ k, t.'l ent er
1. CCCL 00.

(13) D i s t ri L,,t ,IT Co ef f icien2ITt. of ' t-,, i: K r I)c Il itr

Nri~e XiKPA

Format K10.2

Reilrks : XKPA i s expressed i 1n ni to Ct '. f th Ie
rodc i onucIi ide ai r dues!: hove .i ~rn enter
1. CCCL '0.

(14) ,NOTmij1 I Z( d GYrOUnd CoriCentrY-t I1n0! at Prent, Radi onucli ide

Nome; c: (_iA
I j ri;wdt. K 10(. 3

R eiia rk s: GA T s ex;pressccd rmi'; of Li Ier R/lir at if1
hno ur. I f the rodioniucl i(e pai r doesn't have a
parent enter 0.000K 10.

(15) Identification Name of t P"Jh1 or RadionuHci id

Nawce: NAML R

I or!;iat A4

R e ;;jr ks :N on e

(ib) Raidioacti ve llf -Life of 'ithDaudhter Radi onuci ide

4amwe: THALF!3

F ormat: 1_10.3

Remarks: HALIFB is expressed in) hours.

(17) Di strit~tiun ('oeff ic !enlt of j thDaughter Radionuci ide

Noble: XLDB

F orma t: 11.3

R emaN]rks: XL013 is expressed in units of -'/Ky.



(18) Normalized Ground Concentration of j th Daughter RADIONUCLIDL

Name: G

F ormat: L10. 3

Remarks : GB is exrressed in units of Ci per k/Hr at

Hl+1 houI'.

B - 3 .3 Computer Program

The computer program tCMconsist s of a ma in program and seven

SUbr'Out r ies. WSWCY' a] I. ha~s s t ored data arrays that conta i n1

oroh I em- intde pendent dacta.

B -3. 3. 1 Moin Progjram

The imain prograim controls the operation of the model anid performs

somie of tl, a problem cl cCL; at ans arid rob] em i npat/outpot! operations.

ThEl basic flow of the -,i preg kram, is illtustrated in ligure 5-:2.

A-, seen i0 i Fico re B- , K'h -m ;rociraw: initially assemibles the

basic prohl em data, and prod fl tat i(rn dat!.a provided ais user input., and

soiie of the watershed and jroci;pitatici data prov id(ed by the stored

dati a a rraiy- t he da t i are Lisc S m cal c ol ate some of the watershed and

p~reci i tat Th pra' rs The, :;ain roqra> then begins to Calcul ate

waleor coot ariinat ion va Ili, by process ing ea ch pa ren t -da ug hte r

raid ionucl ide pai r i n succe ss ion. For- ea ch parent-daugqhter pair, the

mai n programi readis the osarpovd d dioIUCl ide data, CIcaLcltes the

i nit ialI wa ter contamati t;IOn a nd0 dela yed water coritailiina tieon, an11d

outpu t resul1ts . The wo t or contamnination cal culat ions are perfoiied

usiny a t iine step of mne hour for the, tist :), hors of the problem

an,! a tieste;: of 3 hours IOr the re-iainder of the prolblem; simulat ion

t I'ie . The cal ctil ted resiults include the radiomicl ide concentration
and the t, moe integral of the rad ionucl i ce conccntrr ~ion, for both the

parent aro n Ith dau qh tecr raP' onucl ide and' a1( c(1 i C ; os i t e raoilonuIc ide

comcentrit ion which aggregates all1 of the radioriucl ides.
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Each parent-daughter radionuclide pair is processed through the

model for the problem simulation time. After all radionuclide pairs

have been processed, the problem is completed and the computer program

terminates.

B-3.3.2 Subroutines

The main program flow diagram presented in Figure B-8 showed the

calls made to the subroutines in WSWCM. Table B-9 lists the seven

subroutines and identifies their purposes.

B-3.3.3 Stored Data Arrays

WSWCM has five stored data arrays that contain

problem-independent data. Table B-10 lists the arrays and identifies

the data contained in them.

B-3.4 Program Output

The output provided by the computer program WSWCM includes:

o the radionuclide concentrations in water as a
function of time for each parent-daughter radio-
nLclide pair,

o the radionuclide concentration in water as a
function of time for all radionucIides present, and

o the time-integrated radionuclide concentrations in
water as a fonction of time for each radionuclide.

This output is directed to a disk file (Unit-2) to provide results for

subsequent processing to a graphical form.*

*The output could also be directed to a printer (Unit-3) to provide

results in a tabular form. FORTRAN Write statements for this purpose
are contained in the WSWCM proqram, but have been Commented out since
they are not needed if the disk file is used.

B-43



Table B-9. USWCM subroutines.

HEAD - This subroutine sets up the headings and labels on the
data plots

RESET - This subroutine initializes data values at the start of
the program and at the beginning of each new month.

STEADY - This subroutine calculates the radionuclide concentrations
in the steady flowing stream in the absence of precipitation
runoff

RAIN - This subroutine calculates the radionuclide concentrations
in the "Un',f water.

FLOW - This subroutine calculates the time-dependent flow rate of
the runoff water into the stream

SUM - This subroutine performs trapezoidal integration of the time-
dependent radionuclide concentrations to determine the
integrated concentration

TAIL - This subroutine writes the data arrays into the data plot
file
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Table B-10. JSWCM stored data arrays.

XB(31) - This array contains the area of each watershed,
see Table 2-2

XD(31) - This array contains the distance from the center
of the watershed area to the water supply point,
see Table 2-2.

CPT(12) - This array contains the monthly data on the
precipitation threshold for surface runoff,

see Table 2-6

SROPE(12)- This array contains the monthly data on the ratio
of the surface runoff to the excess rainfall,
see Table 2-4

FC(12) - This array contains the monthly data on the
ground water areal flow rate, see Table 2-3
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The processing of the disk file to produce data plots is

performed using a generalized plotting program written for the

Versaplot-07 System (B-I]) A FORTRAN listing of this program is

provided in Section B-3.5. It should be noted that the program is not

part of the WSWCM program and was not developed as part of this work.

B-3.5 Computer Program Listings

A FORTRAN listing of WSWCM is provided in Figure B-9. A FORTRAN

listing of the figure plotting program used with WSWCM is provided in

Figure B-10.
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K
PROGRAM WSP

C

C A PROGRAM TO ESTIMATE ACTIVITY CONCENTRATIONS IN A STREAM
C FOLLOWIN- A CONTAMINATING FAL.LOUT EVENT. CONTAMINATION
C DUE TO RI!OFF FOLLOWING RAINS IS INCLUDED.
C
C
C.. .THIS PROGRAM CREATED FEBRUARY. 1982 BY JIM A. ROBERTS AT SCIENCE
C.. .APPLICATIONS INC., SCHAUMBURG, ILLINOIS. ITS INTENDED USE IS FOR
C.. .SALINS CALCULATIONS CONCERNING SMALL WATERSHEDS IN EUROPE.
C.. .HYDROLOGY DATA SPECIFIC TO THOSE WATERSHEDS ARE INCORPORATED IN
C.. .THE MODEL UPON WHICH THIS PROGRAM IS BASED. USE OF THIS PROGRAM
C.. .FOR OTHER CALCULATIONS IS DISCOURAGED.
C
C

C.. .FC IS THE MONTHLY AVERAGE GROUNDWATER FLOW APPEARING ON THE
C SURFACE OF THE WATERSHED (L/S*K-i**2).
C.. .SROPE IS TH FRACTION OF EXCESS PRECIPITATION WHICH RUNS OFF
C ON THE SURFACE, AVERAGED BY ,ONTH.
C...CPT IS THE MONTHLY AVERAGE PRECIPITATION THRESHOLD WHICH
C MUST BE EXCEEDED BEFORE SURFACE RUNOFF BEGINS (MM).
C.. .H3O.DAT IS .HE DATA INPUT FILE.
C.. .WATER.DAT IS AN OUTPUT FILE FOR INTESRATED ACTIVITY CONCENTRATIONS.
C.. .P .0AT IS AN OUTPUT FILE FOR PLOTTING ACTIVITY CONCENTRATIONS
C VS. TIME USING PLOT PROGRAM BY EGBERT.
C.. .R IS R/HR AT 1M ABOVE GROUND AT H1l HR.
C H 1 HR IS THE START TIME FOR THIS PROGRAM.
C.. .B IS AREA O THE WATERSHED (KM**?).
C... D IS THE DISTANCE TO THE CENTER OF THE WATERSHED (KM).
C.. .TAU IS THE .VERASE RESIDENCE TIME (HR) FOR GROUNDWATER TO FLOW ON
C SURFACE OF STREAA4 BEFORE IT PASSES THE WArER SUPPLY POINT (WSP).
C.. .3 IS THE AREA OF THE STREAM SURFACE (KM**2).
C.. .X iS THE MASS (KG) OF 100 MICRON SEDIMENTS WITH DENSITY
C 1.4 G/CM**3 IN THE STREAM BED.
C...LFMAX !S THE NUMBER OF HOURS FRlM START TO END OF PERIOD
C O INTEREST FOR THIS PROGRAM.
C.. .MOS IS THE NUMBER. OF THE MONTH IN WHICH THE EVENT OCCURS.
C.. .N IS THE NUMBER JF RAINS FOR WHICH DATA WILL BE ENTERED.
C...NNUCS 1S THE NUMBER OF PARENT-DAUGHT"R NUCLIDE PAIRS PLUS
C T E NUMBER OF NUCLIDES WHICH WI-L BE ENTERED WITH PARENT NONE'.
C.. .LTI IS THE TIME (HR) AT WHICH THE RAIN OCCURS.
C.. .X-' IS THE AMOUNT OF RAIN IN A DAY (MM).
C.. API IS THE ANTECEDENT PRECIPITATION INDEX (MM), A MEASURE OF THE
C DEGREE TO WHICH THE GROUND IS SATURATED FROM PREVIOUS RAINS.
C IT IS CALCULATED USING THE SUMMATION PRESENTED BY S:IVERS.
C .. .MR IS THE NUMBER OF THE MONTH IN WHICH THE RAIN OCCURS.
C.. SRO IS THE AMOUNT OF ?RECIPITATION FROM A DAY'S RAIN
C WHICH APPEARS AS SURFACE RUNOFF MM).
C.. .LHR IS THE NUMBER OF HOURS IN A MONTH.
C .. NAMEA AND NAMEB ARE ABBREVIATED NAMES FOR THE
C PARENT AND DAUGHTER NUCLIDES RESPECTIVELY.
C .. THALFA AND THALFS ARE THE RADIOACTIVE HALF-LIVES
C FOR THE PARE.AT AND DAUGHTER IN HOURS.
C ... XKDA AND XKDB ARE THE DISTRIBUTIlN COEFFICIENTS
C FOR PAPENT AND DAUGHTER WHICH RELATE THE QUANTITY
C OF THE NUCLIDES SORBED ON SEDIMrNTS TO THE AMOUNT
C IN WATER SOLUTION AT EQUILIBRIUM (CI/KG / CI/L).
C .. GA AND GB RELATE THE INITIAL ACTIVITIES OF PARENT AND
C DAUGHTER TO THE R/HR AT H+I HR. UNITS ARE CI/ R/HR.
C .. XLA AND XLB ARE THE RADIOACTIVE DECAY CONSTANTS
C FUP PARENT AND DAUGHTER (HR-I).
C .. AAZ AND ABO ARE INITIAL ACTIVITIES OF PARENT AND DAUGHTER
C FALLING AS SEDIMENTS INTO THE STREAM.

fiqure B-q. WJSWCM program listing.
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C... .CA AND CB ARE THE TIME-DEPENDENT ACTIVITY CONCENTRATIONS
C Oc PARENT AND DAUGHTER IN THE STREAM IN THE ABSENCE OF
C RAIN. UNITS ARE PCI/L.
C... .AWA AND AWB ARE ACTIVITY CONCENTRATIONS OF PARENT AND DAUGHTER IN
C STRENM WATER AT THE EAD OF A MO;!)H.
C... .MON IS THE -NUMBER OF THE CURRENT MONTH.
C... .L IS A COUNTER F'JR THE NUMBER O TIME STEPS.
C ... SJ.'MFCA AND SUMFCB ARE THE SUMS u)F THE PRODUCTS OF CONCENTRATIONS
C TIMES FLOW RATES AT A GIVEN TIME FOR THE STEAD.' FLOWING STREAM
C A4D ANY RUNOFF RAIN WATER FOR PA RENT AND DAUGHTER RESPECTIVELY.
C ... SUN'-F IS THE SUM uF THE FLOWl RATES FOR THE STEAD1 FLOWING STREAM
C AND RUNOFF RAIN ',ATER AT A GIVEN TIME.
C... .NWSP IS THE N4UMBER OF THE WATER SUPPLY POINT Or' INT7REST FOR THIS RUN.
C
C

DIMENSION FCI iDI.SROPE(12).CPT 12).LT1( l00).DSA( 120).<8(31).
1XD3).SSB(0).SRI00)X(10100.v'A(1.vBx.Y(1001.C0300
COMMON/C I'B,RuA.GBJ.XKDA.XKOB
CO1-;'iN/C2/ !.MKA.X)'B,\'L 1. ;L2.XI.3 ,XL4.EL42.,EL2I .EL4I.

IE-L3I .EL43.CA.CB. XL.A.XLB .AA0.AEI'.AWAAW2
DATA XB/63.6.l L .12.6.27.1 .12.B.28.1,12.2,30.9.13.6.7.9.
12'.4.16.6.9.3.2'1.4.33.. 17.4,IO1.8,8.4.20.5,22.1.87.-

214 .3. 19.9.31 .7 .45 ,3.15.4.9.5, , .5.23.8.24.7,40.2,'

DATA FC/3.7,5.Hf.4,9.5.0,3.0,2.3.1 .9.
11.9.1.9.2.2,3.1,3,4/
DATA SROPE/.45..65. .58..34,.11. .10. .13,
1.I0_.12,.l6. 40 .42'

DATA CPT!8. .4. .5. 9. .I2..',2..13..

INTEGER*4 NAME NAMCR
OPENiIN1T=1. NAIE = H20. DAT', TYPE= OLD' .RFADONLY I
OPE 'IUNIIT=3. NAMIE= WATER . DAT .TYPE =<NEW')
OPEN4UNIT=2,N'AME='P;.DAT'.fYPE-'NE4')
.RITE( 3.333)

333 FORMAT(8X.'INTEGRATED CONCENTRAkTIONS PCI*DAYIL'.,'/l
C ... READ IN NUC..IDE INDEPENDENT DATA.

READ(1.1)r.LTMAX.NWSP.MO-.N.N'-'UCS
I FORMAT) El 0. 3. 3412)

B=XB NqWSP)
D-)D NWSP )
TAU=D*3.h/(0.6*3600.1
B8=O. 31 *8
XM=S9*I .4E+05

C... .READ I'i RAIN DATA AND CALCULATE SRO FOR EACH RAIN.
DO 23 I=I.N
READ) 1.7 )lT1( Il.YPr.API .MOP

7 rORM-\T 15,2E10.3. 171
PC- API-CPT1MOR)

IF) APC .GT. 3.0 APC,=0Y.0
3RD I )=SROPEIMOR )*( '(F'0APC)

20 CONTINUE

C ... C2<AR G ROSS ACTIVITY .XRRAY.
DO 3q I=1.1000
YE) I (=O.O

30 *ONTINUE
LHR 29

C... BFEGIN NUCL IDE LOOP
DO 330 I=I.NNUES

C ... INITIALIZE 'MON FOR EACH PASS THROUGH LOOP.
MON=MOS

C ... READ IN NUCLIOE-DEPENDENT INFORMATION FOR A PARENT DAUGHTER PAIR.
READ 1.2 )NAMEA. THAL FA. XKDA .GA

Fiqjure B-9. WSWCM programn listinq (Cont).
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2 FORMAT(A4.3EI0.3)
READ I,2)NAMEB.THALFB,XKDB,GB
XLA=ALOG(2.0)/THALFA
XL9='ALOG(2.0)/THALFB
AAO=SB*R*GA
ABO BB*R*GB

C.. .CALL HEAD TO WJRITE HEADINGS FOR PLOTS
CALL HEAD(NAMEA.NAMEB.LT?AX,NWJSP)

KNTR--I
AWA=0.0

AW-.0
CA -0 .20

C... .BEGINJ OUTER TIME LOOP. WHICH CAUSES THE INNER LOOP TO FIRST GO FROM
C ITO 24 IN STEPS OF I HR. THEN FROM 27 TO LTMAY IN STEPS OF 3 HR.

DO 201~ IPIP-1l.3.2
ISTP IREP
IF( I ST .E0.I )GO TO 50
ITT =2'7
I T L-LTMAx

GO TOD 51
50 ITF 1

I TL 24
El CONTINUE

C ... BFGI4 INNER T2mE LOOP.
DO 1.VJ . !j - I-L, IS-

C... C'LEAR &LMS 0RP EACH TIME STEP

SUNF' A0 0

L ND\ J /LH P

IT v - 3. L IN T~ '0 TO 1 11
~N - DC.

C... .CAL R P E1 PO INITIALIZE VALC&S Ir IT S THE FIRST 7:ME
C T--.OUG. AND TO RE -INI -ALITE JHFi IT'S A NEW MONTH.

CALL PESETI F .LM~N..LHRFMO.P.TAU,XFDA. ,DB,
C .. .A NN H FOP 'jUiT CALL TO RESET.

F f41 N T M )' ~N=
IT-J1,NOW'%HR

C ... j IS JI'C CF HOURS SINCF START OF PROG"AY OP NEW MONTH.
C ... (' L S .AJv TO C".CULATI, c-DNCENTPATIONS IN STEADY STREAM4 [LOW

B, = C B
SLIM, - F

C ... CALL RAIN T) CALCIJLATL THE CONCENTRATIONS ANP ASSOC:AT:'D
C FLOW RATES INTO THE STREAM FOR L-kCH RAIN AT TIME J.

IFI).GE.f I(IV lAND. 3-LTIIk I).LE.96)
,CA[ RAIN .LT.LTI(I )SR(k )IMFC.,SLIM C8.SJMF.XLA.XLB)

60 CCNT*>,U[

CONA-SOWF-A/ISUMF

C . . . CA AAD CONB ARE THE TIME-DEPENDENT ACTIvlI' CONCENTRATIONS Or
C P %RENT AND DAUGHTER IN THE STREAM INCLUDING THE CONTRiBuTIONS
C FIOM RAINS.
C... SAMPLE WRITES FOR THOSE NOT PLOTTING

Figuire 119. w';wC11 prngram listing (Cont).
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C WRITE( 3.3 )NAMEA .J .CONA
C WRITE( 3.3)NAMEB.J.CONB

3 FORM'T(IX.'CONCENTRATION OF.,AA, AT TIME'.15,
I' HO' RS 1S'.E12.5.' PCZ/L')
L =L+ 1
X(L )-J
IF(CONA.LT.1.ZF-21)CONA,1.0E-21
VA(L -CONA
IF(CO)NB.LT.I.0E-21)CONB-1.0E-21
Y3( L )=CONS
CONT=CONA+CONB
YC( L )=YC( L )+CONT

100 CONTINJUE
200 COITINUE

C... SET UP CALLS TO SUM FOR INTEGRATED CONCENTRATIONS.
SUMAz0 .0
S U B 0 .0
5SA( t hO.0
IF(GA.EO.XO)GO TO 201
CALL SUM(VA(1).I.0.24,SAI)
SUMA'SAL /24.
SSA( 1) SUM.A

C 'vRITE(3.298 )NAMEA.SUMA
201 CONTINUE

CALL SUM( V8( I .1.Z.24 .SBI1
SUMB'SB 1/24.
SS8( I)=SU,4R

C WRITE 3.2Y8 )NAMEB,SUMS
298 FORM.AT( iX,' INTEGRATED CONCENTRATION OF '.A4,' AT DAY I is"

IE12.6., PC1*DAY/L})
DO 91 LDAV=2.LTMAy/24
LOC=2'4+((ILDAY-2 1*8
SSA( LDAY)=Z.g
IF(GA.EQ.J.H)GO TO 202
CALL SUMI YA(LOC).3.0.g.SA)
SA-SA/24.
S UMA=S UMA +SA
SSA( LDAV )-SUMA

C '4RITE( 3.239 NAMEA.LDAY.SUMA
202 CONTINUE

CALL SUJM(VB(LOC ).3.0.9.SB)
SBzSa/24.
S UMS=S UMB +SB
SSB( LDAY1- SUMB

C WRITE 3.299)NAME8.LDAY.SUMB
299 QRAE.ITERTDCONCENTRATION OF .4A4.' AT DAY-.5.

I1 IS' .E12 .5. 'IDAY/L
91 CONT : NUE

C... .CALL TAiL TO DO FINAL WRITES TO PLOT FILES
11=1

CALL TAIL(L.Y(.YA.YB.YC.LTMAY.'11.NNUCS,NAMEA,NAMEB.LDAY.SSA.SSB.
!NWSP)

39~1 C INT 1 UE
OL(S UNIT-'2.D1SP='SAVE)

CLOSEUNIT=I)
CLUSE UNIT 3 DISP='SAVE '

EN[)
C
C

SUBROUTINE RESETIF ,)M.LNOWLHR.FMO.B,TAU.XIKDA.XKDB)
COMMfON/C2 /V. XIKA. KB. XLI.XL2. XL '. XL ,EL 42. ELI.EL41.
EL3I.EL43.CA.CB.XLA.XLB.AA0.ABP.AWAAWB

C

Figure B-9. WS .CMi program listing (Cont).
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C... .SUBROUTINE TO INITIALIZE VALUES AT START OF PROGRAM AND
C BEGINNiNG OF EACH NEW MONTH.
C

IF(LNOW.LT.I)GO TO 10
AWA= CA* VII.ffE+ 12
AWB=C*V/I.E~l?

C... .AWA AND AWB ARE ACTIVITIES OF PARENT AND DAUGHTER IN STREAM
C WATER AS COMPUTED AT THE LAST TIME STEP IN PREVIOUS MONTH.

ElHR=-XLI*LHR
IF(ElHR.LT.-50.)ElHR=-59.
E IHR EXP( E HR)
E2HR=-'-2*LHR
;F(E2-HR.LT.-50.)E2HR=-SZ.
E2HR.-EXP( E2HR I
ABZ=%XLB*AAOf(XL2-XLI))(ElHR-E2HR)+ABZ*E2HR
AA0=4A~i*E IHR

C... .AA3 ArjD ABO SET TO ACTIVITIES OF PARENT AND DAUGHTER IN SEDIMENTS
C AFTER )NE MONTH OF DECAY AND INGROWTH.

10 C0Nr:NUE
F =F.MO*B
V=F *TAU*3600.
XKA=4LOG( I .+V/( XIDA*XM) )/TAU
XKB=ALOG(I.O+V/(XKDB*XM))/TAU
XLI=XLA+XKA
XL72= LB+XKB
XL3=XLA+I .O/TAU
XL4=XLB+1 .8/TA U
EL42=XL4-XL2
EL21-X L2-XLI
EL41=YL4-(L I
EL 31 'L 3-XL I
ELA3=L4-XL3
RETURN
END

C
C

SU3ROUTIN STEADY(JT)
COMMON/C2/V.XKA.XKB.XLI.XL2.XL3.XL4,EL42.EL21.EL41.
!EL31.EL43,CA.CB.XLA.XLB.AAB.ABO.AWA,AWB

C
C... .SVEROUTINE TO CALCULATE CONCENTRATIONS IN STEADY FLOWING STREAM.
C

El2=1 -X(L I3T)
l(E . LT. -50. (El=-50.

E2 EP(EI(
E3= -XL3*JT)
lF(E3.LT.-50.)E2'=-50.

E43- -XL *JT)

lF(E4.'LT.-S0.)E4=-5V3
E4=EXP( E4 I
TERMI=XL8B*XKB*AA0IELI
TERM2=EI/EL41-E2/EL42
TERM ' '-YK*ABO*E2/EL 42
TERM4=XLB*XKA*AAO/EL31
TERM5=EI/EL41-F3/EL43
TEPM6=XLB*AWA*E3/EL43
TERM-:(l.0/EL41-1.,'EL42)
I -RMi=XKB-.A130/EL 42
TERMI-(I.0/1L41-1,0/EL43)
TERMl0=VLB*AWA/EL 43

Figure B-9. JWS14CM progr a li isti nq (con t)
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ELCB=AWB-.TERMI*TERM7+TERM84TERM4*TERM9,TERMIO)
CB=(I.OE4I2/V)*TERM*TERM2*TERM3+TERM4*TEMS+.TERM6.ELCB*EA)
CA=(I.0E+ 12/V )*I XKA*AA~f/EL3l1*(E 1-E3)I+AWA*E3 I
RE TU -' N
END

C
C

SUgROUTINF RAIN(K,LTLT1 .SRO,SUMFCA.SUMFCB.SUMF,XLA.XLB)
C
C... .SUBROUTINE TO CALCULATE TIME-DEPENDENT CONCENTRATIONS OF PARENT AND
C DAUGHTER IN RUNOPF RAIN WATER.
C

COMMON /C1/B.R,GA.GBi.3 .XKDA.XKDB
DIMEASION AA(100),AB lRIB)
VI=S O*B*1 .aE+06

C...VI IS THE VOLUME OF WATER (L) AS',OCIATED WITH A GIVEN RAIN
C MM*IM/I0**3 MM)*(AREA IN KM**2I*(10**6 M*ZK*210* L/M**3

XMIP99*8*1.4E,05
C... .XM1 IS THE MASS )F 100r MICRON PAPTICLES WITH A DENSITY OF 1.4 G/CM*-3
C COVERING THE SURFACE OF THE WATERSHED OUTSIDE THE STREAM BED.

IF( K.GT.I )GO TO 71
AA(K(=R*0.99*B*GA
AB( K)=R* Y.99*B*G6

C... .AA( 1) A\ND A3(1) ARE THE ACTIVITIES OF PARENT AND DAUGHEP ASSOCIATED
C WITH P:P TICLEFS A,' THE START OF THE PROGRAM.

71 CONT 'b,,E
C... SET AlA AND AlE TO ACTIVITIES LEFT IN SEDIMENT AFTER LAST RAIN.

A I A=,A(

ELA=-YLA*LT
IF(EA-LT.-59.)ELA=-5JJ.

ELS- LB*LT

AIA= LIA*ELA
C... .AIA AND AlB ARE NOW DECAYE) To TIME OF PRESENT RAIN.
C... .ElA AND EIB ARE AC; IVITIES LEACHED IN~TO RUNG/-F <4AT-IR.

E lA7-lA l(I +XDA-XMl ,VI
ElB=AlB/w-VXkDG*XM1'VI,

C... .JT1. IS TIME FROM START OF THIS RAIN TO PRESENT TIME STEP.
,lTI=1-LTj

IF F LA. LT -50.) F - 5f
F ILA=EYP( EILA)

I F ( El LB8 . L T . -5 b c. F LI=-5.
F IL B=E P (El L6)

C... .Cl AND C.APE 4/TIVITV CnNCFNTRATIONS IN RUNOrE WATER AT TIME 3.
CiE= I .0L*I,VI * \LB*E A/I XLRVXLA )*( FILA-F ILB ,E IB*L lLB)
C I A = I . RFI2 / V I ) IA *E I L k

C... SET AA AND AB TO ACTI,'ITIES LEFT IN SEDIM'NT AVTER THIS RAIN.
AAI I I-A14-E IA
AE~i-II AIS-L lB

C... CALL FLOW TJ CALCULATE FLOW4 RATE INTO STREAM FOR RUNOFF
C FPOM THIS P\IN AT TIM,- 3.

C4LL FLOW, SRO.F I .3T!
C WRIT'H3,7:IJTI.ClA.,:IB.FI

72 FORMATI IX. 3-LTI .3'CIA =.ElZ.S,. CIB E25 = .EI2.5)
C ... ADD CONTRIBUTIONS FROll THIS RAIN TO PEVIoUS S~jMS

SUME B-'SUNFCB .;IBI ;
S UMPCA S LMECAC IA-F i
SUMF=SUMF.F I

tire Q-n. W'Li~ l('I~' - n cont



RETURN
END

C
C

SUBROUTINE FLO\4(SROFI,JTl)
C
C... .SUBROUTINE TO CALCULATE THE TIME-DEPENDENT FLOW RATE INTO
C THE STREAM FOR CONTAMINATED RUNOFF RAIN WATER.
C

EP3=-.3011*)T1
IF( EP3.LT.-50. )EP3=-521.
EP3=EXP( EP3)
EP03--.0,43*.JT1
IF(EF03.LT.-50.)EPZ3=-5)3.
EPO:3=E NP)EP93)
FV=-SRO*1I.39*(EP3-EP03)
R E I U RN
END

C
C

SUBROUTINE SUM( V.DX.NO.S)
C
C..TRAPEZ!OIDAL INTEGRATION ROUTINE FOR COMPUTING INTEGRATED
C..CONCENTRATIONS IN PCI*DAV/L
C

DIMENSION V( 1)
C ... v ARRAY HAS F( I) VALUES
C ... UX = EOUAL DISTANCE DELTA Y VALUES (TIMESTEPS)

S.o
DO 1 1=2,NO

I S=S+"(( I)+v( 1-1))/2.z)*DN(
RE TURN
END

C
C

SUBROUTINE HEAD(NAMEANAMFB.LTMAX.NWSP)
C
C... .ROUTINE TO SET UP HEADINGS OlN PLOTS
C

INTES.ER*4 NAMEA.NAMEB
WIITEl 2,8 NAME8. NWSP

8 VORMAT(3N.'70',14XN.A4.1N.'WATER CONTAMINATION WSP *'.I2)
WRITE) 2.9 )NAMEA

9 FORMAT(3NX '70f'.23Y. 'PARENT IS '.A4)
VP ITE 2.I0f)NAMEB

1.9 OPMATh3X.'35'.A4.1/.'CONCENTRATION IN WATER (PCIIL)')
/P 1 T 2. 1 1)

11 FORMN T(3N(.'31TIMC SINCE INITIAL. FALLOUT (HR)')
WRIT?) 2. 12)

12 r'OPMAT(9N. '0' Axy. A, 2' .9'. '3')
V/RTE 2. 13)

13 70rM~kT( 4%(. 2

17 FORM-fl iN.'2', N.' 10.'. N. '13.'. lX. .650')
WRIT ( 2.14 )LTMAN

IP ITE) 2. 15
15 FO~rM4T IN. 'g.E.06' . I.' 1.OE+?f''

P.E T 14
END

C
C

SUBROUTINE TAIL(L,.X.A.VB.VC.LTMAX.1I .NNUCS,
INAMEl.NAMFB,LDAY,SSA.SSBNWSP)

F i ' wre ',-). WWC H p ro grarmJ is t in c Co nt.



C
C... .ROUTINE TO WRITE DATA ARRAVS TO PLOT FILE
C

DIMEA4SICN X( I ,YA~ I).YB( ).YC( '.SSA(1 ),SSB I)TNrTE ER-4 NAMEA.NAMEB
'.R I l'( 3 .30 )NAMEA. NA14EB3

0 FORMAT(/,1.DAY1X
4 0 A/

DO 4J~ K=1.LDAY 7,4IO,4/

WR IT U3.2'2 K. SSA( K ISSB(K)
222 --4T8XI:. .. P.EI0.3,- ... '.E1O.3)
40 C0N T 114U E

',R I T .5 ) NLL LL1.L 1SEUPLOOFROSATIT

IWRITCt 2. II VBI lL ILL=1.L)

5FORMATIIS. 1 4 5,)

'MT \CRM;T I5.-

IF(ME IVE ALLNUC NUCLIES
C2.. FNIS~t" WU. AL3 UCIES ETU PO O RSS ACTIVITYINWTR P2/

WRITE '2. 12WS
12 FORM-aT(3x, 70 .14 TOA WAE.OTMNTIN P*.2

22 FORMAI) .'17,S AC I I YI1A E P I L

WRITE ( 2 7
12 FORMALT 9X . '01.y . .y. 17.

WRITE( 2.14 ILTMAX

Figure B-9. WWUM frd~ 1 1n:



A PLOT OF Y VS. X ON LIN(LOGIZ)-LIN(LOGI ) FOR
= 'C ' WV S "JND ON A OfTi .) (00.

? '" " , '( ) ( ) L P WU ' fl),* ,.IQK ( P Tv 5( 5) I P T YE(7)

, , ., ( /7 .7'

,. / '- 7 ". ' . " .. . ." ;C '

"t.. Ti>

..

.0 1-- 2)

T VvL F-. 'T "r A' N

7" f rIC

j ... '; . ... " 1. . -::?:OLS TeoF

C.

B-5

- F V - - .fi I '"t 2 2

-. -"" ( "' 7 . ",f'l' ")

. • .,, ,'F I. ' , I - )

r ' . . ' ,, , .,"I

Figure B3-1O. Data plot program listing.
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THES Y DATA LIST DIRECTED
" P ,: ' It I .1 L IT ' N -,', ; T.  -T- -, . .

S -,, . . . ... - '' ,S - " N' . N' T Hi" C, L TF IN, UT 'J P F",

". . . . . . " ' . 0 7 C ,.', T > ( I I .
I ' - . '. S :I L I ' T F = ' O L D '

1 T ')4 T , i

. I }

V." VACT'.

.P. -
'  -) 

TO T'

C, F, T I T Y T TP"

Ij 1 .1 C" .;T

I V)

T I

_. TO',INT.EC'

• , T . .. Xf.l--

" ' . I ' ' I 0 *

Figure B-10. Data plot proqram listing (cont).
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)(MIN-X( I)

. i.'." . I M2'X'" X( "

1 . , [ ., : , - 1X~ Ii

14,.. ; . i,.;. '-t

4 1

,V ' T , IN VALLE IN THE W AND V AP,-AIS
. T T "IL VT LOWEST V,)'_UE. I CN V NOT G .

0 1 -

.~~ ~ I, 1 NT N , .1-i I

1, TN
7 ,. t. X I: L'S L -4 T G- T. H7 ) 5X

.... .....
. . . . . ."V L C-,VH\

'IH" ' -" .1.5 , XW S LNCITH C-' ij TO V :I')S

/ , ,.', -! ', FT ( I' " I .CHEW: \,O< U , -. A. ~ '5IE LB'.

-, - . " 4 C, c I, '

* L I - $V 
4 Ay ~ I.~' P ~ N' '2 4

• . ,1 ! ' .

Fijure [i-1 Data pkt program listing (cont).
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YN- 4- 'y

(1 1 - 16 0. 0

I Tj
L , < I' "', It ), YE 4-.3), .!.P'P .RI .,-1)

• ,, .. ,) "o 'I ( ,

15 1) G, fTX

.1 . 1 5. A Y Y . L NGX)

. . . I. . ' I T. . .

J T HA YA
, 5 L I ) °I )+I

" • -1 I T

'.'A' CO TC 41

L --I Y:' AIS .

j-i ' '<-2. T

1 16 O P.-

X" 1i 14 -- .i ' I- I)+P-II IJTT 2 15 2

1 12 I. ! ) J;1 T

"," L, A i , L "

I IJ- . 1 . * IREP-1)I).YHYT.. . O R ,U r, I
j L 1 TO .1 S

N )}.( I 1)I'UNIT
. ".. . .. ;.. . . . . . . . . .. .. . . .. . .-

_..1).,1?.IA 2-,.CA"L-i.

I , 5 )/ - .- D

Y IL) - L!W ;, ,) -Ivtf,-'

T.H P F T ... . H

1 1. r7 I ;Y . F .T1

i? "3 L ,-lK..LM S

Figure B-10. Data plot program listing (cant).
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IF(ICRIDX.EO.f.)G0 TO 551

...J( ) UNITI

I . Eo. ) XX( 1)= I.

f1 I

( = ,:'I TX*(LTMX-1I)
i _) 1 (LIMX- . )

'0 I-R fY.7 0C..OGO TO 511

I Tr

I ( I2Y-I")"UNIT
L .L Y I =U1 L IMY- I

.71 C L 1 3.. C I . K' L IMX -)+KXXX X.KY L I MY- I (+K YY YY LMASK )
! '( " E-" . )7O TO 521

, - LI IX

,"'3 ' ( T.I) I'-3) UN1TX*(ALOtGI0(J+ . )-ALOGI1O(J+0. I )

I 'T''Y.LT.2) GO TO 524

. ..:, _, -; LIM1'

I T (ALOG1fP(2. )-ALOG1O(0.
IT,% AL,' ; I 3. P -AL GIOI 2. )

, 1 . ITT ' ILOG I k 6.) -A'-OGC Ic 3.
"- 17 ALOG1O(IP.)-ALOGIO(6 )

I I /1GF-DI
I I T, C P D-X

, .2)(O TO 531

I L ',YI

'-J - T* ALO I 1( +I. )-ALOG IJ(J . H

T .CO.() TO 5 ,

- I (ALO' 1.P(2. )-ALOG I I.

- , " I) , : I ,. - ,L , 1 ( . ) )
. . ( ,) 1 I , - .,~ I( , '' .

I I

Figure B-10. Data plot program listing (cont).



I ' j T(I- 'MY - I
N VI 1 =1/IrRDY

40 .'KX'(LIMX)-l)+KXYXXKY*(LIMY-I-1,KYY.YY,LMASK2)
54 { TTfO 55!

53 iN"ITX*(ALOCI0)3.+.5T-ALOGIC))3-l.)+.5V)
LTN0Ir 1 5 L-50(, 1 I 1 T)

L500 10 . )-A L DW -.5T

L I Ny-

L VI

'f L I'Y Y-I .

:L~~wK LI M/YI + K yY Y (I MYV-vv .Y. L MASK 3

1*1

I ' T

0 CA. LN L ~ N'D ETP NP E N IPN

IT L INTV P= P

Figure B-10. Data plot program listing (cont).
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IF(II4IST.EQ.5) LINTYP-1
IF( IHIST.EQ.4.OR. IHIST.EO.5) CALL LINE(X.Y,KPT.1 ,LIMTVP.ITYPE/1#)

2 ,.) GO TO GS. 3

3 'C~ H:S.EQ2)CALL CURVE(X,Y,.1l*NPT.

E GOri TO '00

i:IlYPE.IHIST.IPENO

'43 -1 /1OL NJMPER 13)

ST )A LOG1 I i' I
i ALJ ( I

CALL NEWPEN( I PEN
CA' L N 'L'P N) I P'-- I

-I' FL.SCALE.ZAY)

L 7I

Figure 8-10. Data plc~t program listing (cont).
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SECTION B-4

SAMPLE WSWCM PROBLEM

B-4.1 Problem Statement

The watershed of Water Supply Point Number 8 is contaminated on

July 4 with a fallout intensity of 1 R/hr at H+1 hour. Determine the

water contamination that occurs out to August 14. Use the

precipitation data given in Table B-il.

B-4.2 WSWCM Input

The user input requirements for the computer program WSWCM were

described earlier in Section B-3.2. Figure B-I illustrates the

sample probleii Input by giving examples of the basic problem data, the

precipitation data for one of the rain events, and the radionuclide

data for one of the parent-daughter radionuclide pairs. The sources

of the data values used for the sample problem are discussed below.

Figure B-12 shows the actual data input for the sample problem.

B-4.2.1 Basic Problem Data

The problem statement specifies that the Fallout Exposure Rate of

the Watershed is 1.0 R/hr at H+1 hour, R = 1.0.

The Problem Simulation Time must cover the period of July 4 to

August 14; this period is about 999 hours, LTMAX = 999.

The problem statement gave the Identification Number of the Water

Supply Point, NWSP = 8.

The month in which the Problem Starts is July, MOS - 7.
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Table B-11. Daily precipitation data (mm) Bad Hersfeld (1972).

P J)') F e !I r Apr lay Jun Jul Auo Sep Oct Nov Vrc
t 4 .9 - . 0. -.- - --

2 3.4 3.7 3.0 t 0.8
3 t 0.3 1.3 0.2 0.2 4.9 1.7

4 t 2.5 1.8 10.0 0.7 t 0.9 0.1 0.4
5 t 3.3 0.8 0.1 t
6 0.4 3.5 t 5.5 1.1 0.3
7 t 1.1 2.3 0.4 14.0 2.4 t 10.2
8 2.0 t 1.2 1.6 5.4 0.3 0.3 0.6 1.4
9 t 11.2 2.3 28.6 9.2 t 0.1

10 1.1 1.4 8.9 4.6 13.5 0.4 8.3 2.5 17.9 5.2
11 0.1 1.7 t 5.5 0.6 20.8 11,3 6.8 0.1
12 t 5.2 5.0 0.1 6.9
13 0.2 0.9 0.5 0.1 3.4
13 0.1 t 25,0 t t
15 7.1 0.1 21.2 16.6 0.2

19.3 1.6 10.7 9.3 t
17 20,9 9.6 19.5

2., 0-9 2.5 t nd
t 1.2 5.6 1.6 0.3 1.6 nd

t t 0.6 5.0 rd
01.7 12.4 t 0.6 2.8 1.8 nd

2? 2.3 8.4 20-9 3.4 0.5 6.8 0.7 nd

25 3.7 0.) t 0.F 6 3 rI
0 3 0 7 17.3 0.6 0.9 nd

t 1,5 1.0 t 1.0
1.9 3.5 0.7 7.1 2.1 4.3

Ii. 1 0. .. 1.2 0.3 t
t . 7. 5.9 1.7 5.2

0.? 1. 7.i 8 4.2

t 41.7 13.1, t

.. 3.7
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I.P0,"F VO ggg 8 72122
48 1 .I JE 0013 2 1 1 01 7
9G f 2.02JE-Of1 1 702.F P 1 7

1213 2. 9 5:'E 131 1 SilfE 01 7
1,14 8. 3,10F J 3. 5 f0 01 7
43? 2.J90L il1 9.90CIE 00 7
481 1 ".'10E 01 1 7k , 01 7
1,- t I 'f-''E 0 1 3 110, r. 71 7
5 7 1.7 ' 1:0 - 1 E Ito1 7
6',' - 3. JO.' 001 22201 E 1 7
624 . 3 . k, 1 2 0,.;E V1T 7
648 3 70?F 0' 2 0,1'131E 9 0 7
67' 2 -' 0- 1 1 7 0, r- 31 3
71-', -.t 1; ( 2 1 4.3, ,i;l 8

7 Q F oE- l 1 4:' z 1 8

331 , ,_i 1 03 21 8,

J. 5.0 0

r8 1 31 1 
2;Q i : 1 8

It I 12 13 1 1 1; 1i 8
1 ",' F2 -J 1 7, F 0 1 2 8

T3 . 0 1 1 0.' 32 1 3OE 01

I1 . 0 .0f

5.
L

NL ,: '.,L.' P .P ,£ _3l' .. 'c.P 13

T . J' IT11 ,7't 031

C ' , 1 .. ' ' ,

R; 0 3 .4 :r F , 6 E,'' ,, 0E 34 2, / P ,E 2
C , . , I,' 3

T Z ' I b c , Z I ' JCI e 7 - 0 .Cr ?

R1,36 ' .. "E 0'.3 " P1OE 813 7 .'1E3 -02

RE.: H •Err '{ , 1 03,' ,'. POP so'':

N 0 . I I: , ,. - o

7 , I '1 , i ,

r M ," . 'I L O ,' I, .,','' ' 7 . 1 ,', 11
TE2'  ' .. -,-E 80."  1. , ... . . ... .8131

( ~~~ ~ r
.

o I; e em' input' t49.;,'-

RL; ] 8i.4356 83. 5.813 .,81 3 13 7AOOE -.8

N;,, . - u, {- .1'.'2 , 3 .13i,'? 13,

1jRC B-6 8.32 pl3 5.13Pifl ,1 7f9plE-t
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The Number of Rains during the Problem Simulation Time, from July

4 to August 14, is determined from Table B-II, N = 21.

The Number of Parent-Daughter Radionuclide Pairs included in

Table B-i is 22, NNUCS = 22.

B-4.2.2 Precipitation Data

The precipitation data to be used in the sample problem is given

in Table B-il. Between July 4 and August 14 there are 21 rain events.

The procedure for developing the precipitation data for WSWCM can

be shown by considering the first rain event.

The first rain event occurs on July 6, this is 2 days after the

problem starts; the Time at which the 1st Rain Occurs is thus 48

hours, LT1(1) = 48.

As seen in Table B-i, the Amount of Precipitation in the 1st

Rain is 1.1 mm, XPO = 1.1.

The Antecedent Precipitation Index for the 1st Rain is calculated

using the method given in Section B-2.4.2. An example of this

calculation is given in Table B-12, API = 21.

The Month in which the 1st Rain Occurs is July, MOR = 7.

B-4.2.3 Radionuclide Data

The set of data presented in Table B-I includes 22

parent-daughter radionuclide pairs. The procedure for developing the

radionuclide data for WSWCM can be shown by considering the

radionuclide Te-131 (from the Te-131m, 1-131 pair) as the first

parent radionuclide.

The Identification Name of the Ist Parent Radionuclide is an

abbreviation of Te-131m, NAMEA = T31M.
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Table B-12. Antecedent precipitation index calculation.
(Example for July 6)

P x(0 .9)n ~ i Fon x(0 9)n
Day Po-n o-n n

July 6 na na na na

5 1 0,00 0.00

4 2 - 000 0.00
3 3 0 2 0 14 0,14

2 4 30 1 97 211

1 5 0.9 0,53 2,65

June 30 6 43,7 but use 13 0 6 91 9,55

29 7 8.6 4,11 13,7

28 8 5.9 2,54 16 2

27 9 - 000 16.2

26 10 0,00 16,2

25 11 0 00 16.2

24 12 0 00 16.2

23 13 0.9 0,23 16.4

22 14 8 4 1-92 18 4

21 15 - 00 18,4
20 16 -0 O0 18.4

19 17 5.6 0 94 19 3

18 18 - 0.00 19,3

17 19 0,00 19.3

16 20 1 6 0M19 19-5

15 21 21,2 but use 12 0 1,31 20 8
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The Radioactive Half-Life of the ist Parent Radionuclide is the

half-I ife of Te-131m; the value can be found in nuinerous nuclear data

reference books, THALFA = 30.

The Distribution Coefficient ot the 1st Parent Radionuclide is

the Kd ,alue for Te given in Table B-7, XKDA 1 100.

The Normal i zed Ground Concent rat ion of the ist Parent

Radionuclide is the value given in Table B-i for Te-131m, GA = 13.

B-4.3 WSWCM .utput

The outp)uL, provided by the computer progrim WSWCM for the sampl e

p roblem includes:

u .' plots, one tfr each parent-daughter radionUclide pair,

of the radionuclide concentrar on in wha.er a s a function of

t 1 ie kY i yires D -13 t o I."- , ,)

1 Iol t the cmul osi te, or ',:)tal, ridionucl ide concunrtrat ion

in w ter as J tU ct O o f i1i4' (Figore [3-35), ind

o I tabular listirg of the time- integraed , ionucl ide

concentrati on in wter as finct ian (f t-i',e for the a,'oii -

daightaer radinucl ide pairs , ble B-13).
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1131 WATER CONTnr M:nION WSP 8

I01D PARENT IS 131M

I i

- 1

, ?

I If

I I\ , I

Fiqre B-I 3. Te-131m, I-1I1 witr conta11intt in
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I 

riqure B3-14. 1-133 water contamination.
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1132 WATER CONTAMINATIO1N WS0 , 8

PRRENI IS TE32

20 - -----..- - - - - - - - in

L 0

711

- 1

II

I ,

1I I

Fi'~ire I-15. Te-]32, 1-132 water containation.
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B!
117 AD-All, 425 NUCLEAR WARFARE WATER CONTAN NATION U SCIENCE

APPLICATIONS INC SCHAUMBURG IL C PHIL IPSA MA 
ALN.R NA 8 R3

ANCLASSIFIED FG156 N

E IIIE IIE IIEE
IIIIIIIIIIIIIIu
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11111.8 II2.5

1.
1Wg L

ll .__ __" - -lli

MICROCOPY RESOLUTION TEST CHART

UOf DS -96



NL397 wlT H C~lNTAMIMIT1ON LJSP 8

-W, N T 15-IH

I cI
0.0 11

Fi rjtre B- 17. Zr-q7, Nb-97 Wdter ,.ontaninition.
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LA40 WAPTER CONTAMINATION WSP 8

10' - PARENT 15 BAI40

I I I

II I

B-7



1135 WATER CONTAMINTION WSP a 8

PflRLN!I IS NON1E

I 
I -

I 
I 

I

I 

I -

l O 's 
P-[ | S t 

1 0 7

{1

6,0 
0.f 7 

I I

I 4f -

tu

TIME I NL I H R HL U I I ,

gB-7

* I
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T 91 WATER CONTAMI]NATIC. WSP *8

PPHLNT IS SFP91

I I -

* I

Fi j~rc G-20. Sr-91, Y-11 4'ster Contamination.
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PR4I3 WATER CONTIM.\MION WSt' a 8

I, C?~N L L

r7

idi
IIM N L I'M I

P) 7



S889 WATER CtONrTMINArION WSP s8

PARENT15I NONE '

-- - - -o- -- - -

r

10.0 K 40.1 !..0 600 I01 0

TIME INCL I I I F L C (i fl . 0
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TE27 WMiER CONTAMINATION WSP a 8

PPR1ENT IS SI27

to - - -- - -- - -- -

I cr i

I -

clr

.1• .

-i bP I •"

Fiur B-23. ,b17 T-2 wae co tmn i.

SI _B . ..

II'

, I

10 ... . __ __ _I
I

I ME bINL INI IF: .LO t

Fiqure B-23. Sb-127, Te-127 water contamination.
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N895 WP~fR COiNTflmIN1TIIN L.SP 8

tPARENT 15 'Fq-

I n,

l0B- U I



PMqi7 WfT - O * of~ i,' ;y~ ION W *

31 c

Fi'jUre B-25. *41-147, Pin-14 7  water contamination.
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PH05 WAT1ER CON10111N,TI ON WSF 8

IC' PAREN T IS_ RLGh. I-C

IC - Id,

1.1

Figure B-26. Ru-105, Rh-1OS wa te r contali na t ion .
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P844q WHTRER CLJNTHIf1NH IGN WSI' 8

PRENT 15 C'Lq4

II _

ii I

t IP0. C 0 ,.C U I c
7 E ZIp I N L I i m -

Figure B-27. Ce-144, Pr-144 water contamination.
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CG£, N IO -II'

.1 4 N

"I jI i , I

Fic jur c4-O -0 w t r o tvia i



A11U3 WAI~ CflNIO.INPTIr "r 8
P M N T IS. H110D

I I ___INI_ I f

Fiur Bj9 u 13 h 13 w t rcna ia in



CS37 w I1,H CONI hI ,,ji I ",x

* 10'

I do

~I Q

f |

I I

. ... .. . .. . . . .. . .. ... ..... . . . .! _n o

2C c. 3 * ,. k3
1Jlpi T i r i pt. t t-

Figure B-30. Cs-137 water contamination.
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1129 WPILR CONInWitll4 tION W5,f 8

I IPIC

I t?

e 11

I -
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Table 8-13. Time-integrated radionuclide concentrations.
(pCi-Day!;)
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Table B-13. Time-integrated radionuclide concentrations (cont).
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Table B-13. Time-integrated radionuclide concentrations (cont).
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